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PREFACE 


This  report  covers  the  examination  anc3  metali'irgioal 
evaluation  of  a number  of  liquid  propellant  system  storage 
vessels  and  associated  components  used  the  storage  of 
liquid  rocket  oxidizers.  The  primary  purpose  of  this 
effort  was  to  assess  the  degree  of  damage  sustaipfed  by 
various  alloys  used  in  liquid  system  construction,  after 
exposure  to  a storage  environment  of  +85°F  and  85  percent 
relative  humidity,  while  storing  the  propellant  oxidizers 
CIP5  or 

The  results  of  long-term  storage  up  to  six  years 
indicate  that  oxidizer  leakage  can  occur  as  a result  of 
Inadequate  quality  control  of  manifold  tubing  welds. 
Corrosion  effects  of  the  stored  propellants  on  the  internal 
metal  surfaces  of  the  various  alloys  studied,  including 
aluminum  and  stainless  steels,  were  negligible,  with  no 
serious  degradation  of  scrength  or  structural  integrity 
occurring. 

Corrosion  occurred  primarily  on  the  external  surfaces 
exposed  to  the  ambient  storage  environment,  particularly  at 
manifold  tubing  welds  in  which  4o43  aluminum  filler  wire 
was  used  to  Join  6061  aluminum  tubing  by  the  manual  TIG  weld 
process.  Most  of  the  propellant  leakage  observed  was 
traced  to  weld  metal  penetration  in  this  area. 
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SECTION  I 


INTRODUCTION 

The  advent  of  long-term  Air  Force  Weapon  System  Missions 
has  made  It  necessary  to  evaluate  long-term  storablllty  of 
liquid  rocket  propellant  systems.  This  contract  was  concerned 
with  the  Metallurgical  evaluation  of  simulated  aerospace 
tankage  after  storage  for  various  i ime  periods,  the  maximum 
being  six  years,  in  unique  environmental  exposure  areas  at 
the  Air  Force  Rocket  Propulsion  Laboratory  (AFRPL).  The 
storablllty  program  was  designed  to  demonstrate  compatibility 
of  tankage  alloys  with  rocket  engine  propellants,  thereby 
providing  fundamental  information  on  tankage  materials  to  be 
used  over  long  storage  periods. 

The  program  conducted  by  BAC  consisted  of: 

1.  Documentation  of  as-received  exposure  vessels  and 
components. 

2.  ^e^lnitlon  of  anomalies  and  defects  that  altered  the 
functional  capability  of  the  components  and  exposure  vessels. 

3.  Defining  and  obtaining  approval  of  a Metallurgical 
Procedure  Report. 

4.  In-depth  metallurgical  analysis  of  nine  component/ 
tanks. 

5.  Confirmation  analysis  of  fourteen  component/tanks. 
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The  evaluation  program  conducted  by  BAG  was  divided 
Into  two  Phases.  The  first  Phase  Included  steps  1 through 
3 above  while  the  second  Phase  dealt  with  the  In-depth  and 
confirmation  analysis  of  areas  where  the  degree  of  corrosion 
found  would  have  eventually  led  to  failure.  The  first  ship- 
ment of  tanks  was  received  in  October  1973;  the  second  group 
of  tanks  was  received  July  1974.  The  tanks  received  are 
tabulated  in  Tables  I and  II. 

Metallurgical  examination  of  the  exposure  vessels/ 
components  Identified  the  nature  and  extent  of  corrosion  that 
had  occurred  over  the  various  time  periods  of  interest. 

An  effort  was  made  to  build  a comprehensive  matrix  of  positive 
and  negative  observations  resulting  from  the  analysis. 

Anomalies  and  failure  modes  were  related  to  exposure  conditions 
and  when  applicable  to  the  mechanical  cha’-acterlstlcs  that  were 
deteriorated  by  the  types  of  corrosion  taking  place. 

Processing  and  environmental  effects  were  analyzed  to  determine 
their  role  In  the  abnormality  or  defect  obrerved. 

Mechanical  properties  of  .specimens  machined  from  the 
test  hardware  were  determined  end  Includ'*  base  metal  pro- 
perties as  well  as  weld  properties . T''ese  mechanical  tests 
were  necessary  to  verify  heal  treatme-  ts  and  to  establish  the 
extent,  If  any,  of  degradation  from  -xposure,  as  well  as 
verifying  the  Integrity  of  weld  .lolnt  or  explosive  bonded 
Joints . 


SECTION  II 
PROGRAM  STRUCTURE 


This  contract,  continued  the  storabillty  program  initiated 
by  the  Air  Force  Propulsion  Laboratory  (AFRPL)  in  its  effort 
to  bridge  the  gap  between  laboratory  coupon  tests  and  austere 
evaluation  of  tankage  materials  that  have  enflurfjci  long-term 
exposure  to  earth-storable  fuels  and  oxidlners.  Tankage 
materials  investigated  were  those  common  to  the  aerospace 
industry,  where  strength  to  density  requirements  are  a vital 
economic  factor  in  the  design  of  adv  ;nce  space  systems.  They 
Included  aluminum  alloys,  cryogenic  formed  austenitic  stain- 
less steel,  and  an  age  hardenable  stainless  steel.  This 
program  dealt  with  the  evaluation  and  demonstration  of  long- 
term storage  (up  to  6 years),  of  tankage,  components  and 
Integrated  feed  systems.  The  Internal  environment  of  these 
components  was  the  oxidizers  nitrogen  tetroxlde  (N,,Oj^)  and 
chlorine  pentafluorlde  (ClFj^)  and  the  hydrazine  fuel  mono- 
hydrazlne  pentafluorlde  (MHF-S).  The  nitrogen  tetroxlde 
(NjOj^)  for  some  of  the  tests  met  sped  flcatlo’>  MU.-P-?639> 
and  Is  commonly  referred  to  as  brown  'Uier  tests  were 

conducted  wltn  MfC-i’PP  PA  speclflcattor  N.,0,j  , which  contains 
NO.  The  external  environment  was  a high  humidity 
storage  building,  l.eakage  of  the  eart*-.  r'cr-n'  1->  p.  opellants 
from  fittings  or  exposure  ves.sels  during  u.e  storage  period, 
tran.sformed  this  to  a mol.st.  acid  fume  environment. 

The  systems  under  evaluation  In  ‘his  nrojzram  may  be 
divided  Into  three  ba.slc  groups;  il)  .’•■mall  tonl  alssers, 

(;■)  representative  type  tankage  and  ft)  tankage  systems  with 
associated  expulslofi  devices  and/or  fee  ! sys'e^.  eomponents . 
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A brief  description  of  each  group  follows. 


A.  GROUP  I - SMALL  CONTAINHSS 

All  simulated  tankage  containers  in-  this  group  have  a 
capacity  of  one  quart  or  less.  The  three  types  of  containers 
evaluated  during  this  program  were  as  follows: 

1.  201it-T6  Aluminum  Alloy  - 3”  x 6"  Containers 

2.  Alcoa  One-ftuart  Containers  - Fabricated  of  various 
Aluminum  Alloys. 

3.  Arde  One-Pint  Cylinders  - AISI  301  Stainless  Steel. 
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B.  GROUP  II  - REPRESENTATIVE  TANKAGE 


The  exposure  vessels  in  this  group  vary  in  size,  with 
the  largest  having  a capacity  of  15  gallons.  The  range  of 
fabrication  and  quality  control  problems  encountered  in 
manufacturing  these  vessels  simulate  those  likely  to  be 
encountered  during  the  manufacture  of  an  operational  liquid 
rocket  system.  There  were  two  basic  types  of  tanks  in 
this  group. 

1.  Storability  Tost  Articles 

Tanks  of  10  to  15  gallon  capacity  fabricated  of 
various  aluminum  alloys,  one  steel  base  alloy  (A-286)  and 
one  nickel  base  alloy  (Inconel  7l8). 

2 . Solid  State  Bonded  Tank 

Explosively  bonded  Alclad  2024  aluminum  alloy 

material. 
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C.  GROUP  III  - STORABLE  PREPACKAGED  PEED  SYSTEMS  (SPPS) 

These  systems,  containing  NgOj^  or  MHF-5  fuel,  were 
manufactured  by  the  General  Dynamics  Corp./Convair  Division 
and  consist  of  EB  welded  2219-T62  aluminum  alloy  propellant 
tanks  with  a 15-gallon  capacity. 


6 


SECTION  III 
TEST  FACILITIES 

A.  LONG-TERM  STORAGE  PROGRAM  - AFRPL 

Two  distinct  test  facilities,  one  for  oxidizer 
tankage  and  one  for  fuel,  located  at  the  Air  Force  Rocki. 
Propulsion  Laboratory,  were  used  for  the  propellant  expos  are 
of  hardware  evaluated  in  this  program.  The  facilities  were 
similar  in  design,  incorporating  safety  provisions  applicable 
to  an  oxidizer  environment. 

The  exposure  building  was  a Metal  Quonset  hut 
equipped  to  provide  a constant  controlled  temperature  environ- 
ment of  85  ± 5°P  and  a relative  humidity  of  85  ± 5 percent. 

A Firex  water  deluge  system,  large  water  drain  piping,  fire 
detector,  continuous  toxic  vapor  detector  incorporated  into 
an  automatic  conditioner  and  a shutdovm  and  scrubbing  system 
which  operates  when  an  excess  of  oxidizer  vapor  is  detected, 
constitute  the  safety  system.  The  oxidizer  vapor  detector 
also  minimizes  the  damage  that  would  result  when  a leak 
develops  in  a test  article. 

B.  POST-STORAGE  TANKAGE  ANALYSIS  - BAC 

The  destructive  examination  of  all  tanks  was 
conducted  in  the  Bell  Aerospace  Company's  Metallurgical  Labo- 
ratories. All  facilities  required  to  conduct  a complete 
metallurgical  evaluation  of  the  tanks  were  available  and 
utilized  within  these  T.aboratorles . The  evaluation  procedures 
used  are  outlined  in  Section  (IV). 


7 


The  equipment  used  In  this  work  Is  described  below. 

After  visual  examination  and  photographic  docu- 
mentation of  the  as-reeelved  and  as-sectioned  vessels,  they 
were  examined  In  detail  for  corrosion,  anomalies  or  defects 
using  both  binocular  microscopes  at  low  magnification  and  a 
higher  magnification  research  microscope,  such  as  the  one 
shown  In  Figure  1.  Photomacrographs  of  local  corrosion 
and  other  anomalies  were  taken  on  view  cameras,  as  seen  In 
Figure  2,  Cross  sections  of  leaks,  corroded  areas,  welds, 
etc.,  were  prepared  using  the  automatic  rotary  and  vibratory 
metallographlc  polishing  equipment  shown  In  Figure  3- 
Photomicrographs  of  these  metallographlc  sections.  In  the 
as-pollshed  condition  and  after  etching  to  reveal  the  micro- 
structure,  were  taken  on  the  research  microscope  shown  In 
Figure  1.  It  was  occasionally  necessary  to  use  radiographic 
Inspection  equipment,  shown  In  Figure  4,  to  determine  the 
exact  location  of  corrosion  penetration  through  the  walls 
of  the  tubes  and  similar  heavily  corroded  regions  of  the 
tanks.  X-ray  diffraction  equipment.  Figure  5>  was  used 
wherever  a significant  volume  of  corrosion  product  was  avail- 
able for  analysis,  by  a powder  diffraction  pattern.  Heat 
treatment  facilities  were  available  Including  a very  high 
temperature  vacuum  furnace.  Figure  6. 

Mechanical  properties  were  determined  on  most  types 
of  tanks  evaluated,  to  establish  the  heat  treatment  condition 
or  presence  of  degradation  due  to  corrosion  or  other  long-term 
storage  effects.  A wide  range  of  universal  testing  machines 
and  electrohydraullc  closed  loop  testing  systems  were  avail- 
able and  used  to  determine  these  mechanical  properties, 
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depending  on  the  load  ramge  and  any  special  loading  conditions 
required.  A typical  tensile  test  specimen  taken  across  a 
weld  from  one  of  these  tanks  is  shown  In  Fig  ua e 7j  with 
examples  of  fractured  and  unfrectured  mechanical  test  speci- 
mens.  A tensile  test  in  progress  is  shown  In  Figure  8, 
utilizing  one  of  the  universal  testing  machines  with  a load 
range  of  3.000  to  300,000  pounds. 

Other  facilities  and  equipment  were  used  in  an 
auxiliary  or  routine  manner  during  ve,,ious  portions  of  this 
evaluation  program.  These  included  hardness  testing  equip- 
ment such  as  conventional  Rockwell  or  Vic’tsrs,  Leltz  micro- 
hardness  and  a Sonodour  for  automatic  micro-hardness  traverses. 
Tank  sectioning  was  performed  on  abrasive  cutoff  sews,  lathes 
and  bandsaws. 
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SECTION  IV 


PROCEDURES 

The  procurement  of  test  hardware  and  the  environmental 
testing  of  this  hardware  with  earth-storable  propellants 
has  remained  essentially  unchanged,  since  Initiation  of 
this  long-term  compatibility  program.  Reference  (1). 

Although  these  procedures  have  been  previously  documented 
they  are  also  presented  here  to  maintain  completeness  of 
the  presentation  and  to  provide  a convenient  reference  for 
the  post-test  evaluations  of  exposed  hardware  being  reported 
on. 


Test  '.rtlcles  evaluated  In  this  program  were  procured 
from  aerospace  contractors,  where  primary  responsibility 
for  quality  control  and  quality  assurance  of  the  test 
artlcxes  was  vested.  This  hardware  was  fabricated  according 
to  specific  procedural  specifications  encompassing  detailed 
inspection  and  cleaning  procedures,  as  dictated  by  the  alloy 
used. 


Helim  leak  testing  of  all  Individual  tankage  in  the 
as-received  condition  was  performed  to  ensure  against  the 
development  of  leaks  and  the  introduction  of  contamination 
during  shipment  of  the  test  articles  from  the  manufacturer. 
Upon  completion  of  the  leak  test,  the  tanks  were  loaded  with 
propellant  and  placed  in  the  appropriate  storage  facility 
for  storabllity  testing.  The  oxidizer  tanks  were  monitored 
for  leakage  while  fuel  tanks  wert  monitored  for  excessive 
pressure  rise. 

Oxidizer  tankage  was  removed  when  evidence  of  leakage 
wa«  found.  Leakage  was  determined  through  observation  of 
an  actual  liquid  leak,  or  the  detection  and  location  of  a 
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vapor  leak  by  means  of  the  facility  toxic  vapor  detector. 
This  Instrument  was  also  used  as  a "sniffer"  to  pinpoint 
leakage. 

Following  the  above  exposure  test  procedures,  tanks 
were  selected  for  destructive  examination  to  ascertain  the 
cause  of  failure  or  other  observed  anomalies.  The  metal- 
lurgical procedures  used  In  the  assessment  of  corrosive 
damage  consisted  of  an  examination  of  external  and  Internal 
surfaces  of  the  storage  vessels  with  an  In-depth  analysis 
following  the  procedure  outlined  below.  This  procedure 
was  submitted  for  approval  of  the  project  officer  prior  to 
Initiation  of  these  analyses. 

A.  APPEARANCE  DOCUMENTATION 

1.  Those  anomalies  which  are  In  large  components 
will  have  the  anomaly  and  surrounding  materials  segment  cut 
down  for  ease  of  handling. 

2.  Take  photomacrographs  of  anomaly  surfaces; 
remove  for  analysis  any  corrosion  products  or  deposits, 
and  take  additional  photomacrographs  If  surface  changes  or 
new  features  are  involved. 

3.  If  not  already  visible,  section  away  from 
defect  to  reveal  Inside  surface  of  anomaly  area  ar.d  take 
photographs  of  this  Inside  surface. 
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B.  EXAMINATION  OF  LEAK  SURFACES 

(Those  components  being  analyzed  for  surface 
pitting,  etc.,  where  no  leak  or  deep  corrosion  is  Involved, 
will  be  examined  per  C.  below). 

1.  If  leak  is  suspected  but  not  pinpointed, 
radiograph  to  verify  location  and  extent. 

2.  Carefully  trim  leak  area  to  remove  surround- 
ing metal. 

3.  Break  open  leak  area  by  hand  bending  or  ten- 
sile fracturing,  to  expose  corrosion  surfaces. 

4.  After  microscopic  examination  at  lOX  to  60X, 
take  photoraacrographs  of  exposed  corrosion  surfaces. 

5.  Perform  high  magnification  microscope  exam- 
ination of  one  half  of  exposed  corrosion  surface,  to 
determine  topography  and  significant  features  of  surface. 

C,  EXAMINATION  OF  PITTED  .SItRFACES 

(For  those  analyses  where  'o  leak  is  Involved). 

1.  Section  through  pitted  region  in  a careful 
manner  (usually  with  Jeweler's  saw)  so  that  at  least  two 
segments  of  essentially  equal  pitting  are  available,  assuming 
pit  is  of  sufficient  size. 
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2.  Perform  high  magnification  microscope 
examination  of  one  half  of  pitted  surface  to  determine 
topography  and  significant  features  of  surface. 

D.  MICROSTRUCTURE  AND  RELATION  TO  CORROSION,  LEAK 

OR  ANOMALY 

1.  Mount  a cross  section  through  critical  area 
of  anomaly. 

2.  Polish  using  oonventlonsi  metallographic 
techniques. 

3.  Examine  in  unetched  condition  for  corrosion 
penetration  of  grain  boundaries  or  similar  effects  and  take 
photomicrographs . 

U.  Etch  with  appropriate  reagents  to  bring  out 
microstructure  of  weld  and/or  parent  metal. 

5.  Examine  and  take  photomicrographs  of  micro- 
structure,  both  as  it  relates  to  corrosion  effects  and  also 
to  determine  matrix  microstructure  and  material  effects. 

E.  CHEMICAL  ANALY.SIS  OF  CORROSION  PROPUCT.S  AND 

CORRODED  MATERIAL 

1.  If  corrosion  products  were  removed  In  .''tep  A 
2.,  analyze  by  X-ray  diffraction  or  other  ansly.nis  techniques. 

2.  If  there  Is  any  su-splcion  that  tank  materials 
or  weld  filler  metal  is  not  of  the  alloy  expected  (based  on 


mlc restructure  or  other  observations),  spectrographlc 
auialysls  of  component  material  will  be  performed. 

F.  CONFIRMATORY  ANALYSIS  OF  RELATED  AN(»1ALIES 

1.  Anomalies  in  other  components  which  appear 
to  be  closely  related  to  one  which  is  being  subjected  to 
detailed  analysis  will  have  been  identified. 

2.  These  sinomalies  will  be  photographed  to  show 
surface  appearances  only  to  the  extent  necessary  to  establish 
similarity/difference  to  detailed  analysis  subject. 

3.  These  anomalies  will  then  be  sectioned,  mounted 
and  metallographlcally  polished.  They  will  then  be  examined 
and  photographed  in  both  unetohed  and  etched  condition  In 
same  manner  as  detailed  analysis  Steps  D.3  thru  D.5. 

0.  'lETAt.LURGICAL  ANALYSIS  ANT)  PREPARATION  OF  REPORT 

The  foregoing  teat  results  will  be  reviewed  In  detail, 
correlated  with  prior  fabrication  and  lest  history  of  the 
storage  vessel,  and  presented  as  a final  metallurgical 
failure  analysis  report.  This  report  will  follow  the  format 
outlined  In  MU.-.STO-B^TD.  The  report  will  Include  glossy 
print  reproductions  of  all  applicable  photographs  showing 
Surface  appearance,  corrosion  products,  leaK  progression  and 
microstructure. 
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SECTION  V 

FABRICATION  HISTORY  OF  TANKS 
A.  GENERAL 

In  the  analysis  of  corrosion  behavior  of  any 
component  It  is  instructive,  and  often  necessary  to  know 
the  methods  of  fabrication  and  the  processing  details 
Involved,  in  order  to  arrive  at  meaningful  conclusions  to 
the  cause  and  significance  of  observed  corrosion  effects. 

Thus  in  this  program  of  analysis  of  a wide  variety  of  tanks, 
after  various  propellant  exposures,  it  was  necessary  to 
collect  as  much  fabrication  history  as  possible  to  aid  in 
the  evaluation.  This  history  is  summarized  in  this  section, 
and  is  then  referred  to  in  detail  and  confirmatory  analyses 
discussed  in  Section  VI  on  tank  failure  analysis.  The 
reports  and  references  from  which  this  fabrication  history 
was  obtained  are  tabulated  in  the  References  (Sectloi.  VIII), 
with  the  specific  reports  from  the  manufacturer  listed, 
where  applicable,  in  the  Tables  which  accompany  this  section. 
None  of  the  tanks  evaluated  were  fabricated  at  Bell  Aerospace 
Company;  therefore,  all  of  this  section  presents  information 
obtained  from  reports,  or  observations  on  the  tanks  them- 
selves by  investigators  experienced  In  many  phases  of  aero- 
space hardware  fabrication. 

P.  GROUP  I - .CHAU,  C0NTA!N!-3r: 

All  simulated  tankage  containers  In  this  group 
have  a capacity  of  one  quart  or  less.  These  containers  were 
designed  to  evaluate  a particul.ar  problem,  a promising  alloy 
or  a fabrication  procedure.  The  tanks  offer  an  economical 
approach  to  storabillty  testing  compared  to  full  scale  tank 
testing  and  serve  as  excellent  ''.screening"  exposure  vessels. 
Although  they  do  not  duplicate  the  manufacturing  and  quality 
control  problems  associated  with  larger  size  tanks,  they  do 
provide  a realistic  assessment  of  potential  compatibility 
problems . 

I'l 
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2014-T6  Aluminum  Alloy  - 3"x6"  Containers 
Four  (4)  of  these  containers  were  Included  in 
this  examination.  The  containers  were  from  a group  of  28, 
produced  by  four  manufacturers:  McDonnell  Douglas,  General 

Dynamlcs-Convalr,  North  American  Rockwell  and  Martin,  during 
a study  of  Titan  II  missile  system  leakage  problems  Involving 
aluminum  2014-T6  tanka  and  propellant  oxidizer.  Since 

these  containers  did  not  have  serial  numbers  or  any  other 
Identification,  It  was  not  possible  to  Identify  the  specific 
manufacturer.  The  containers  represent  two  different  con- 
figurations of  end  plate  to  cylinder  welds,  and  were  there- 
fore probably  fabricated  by  two  manufacturers  The  other 
features  of  taink  fabrication  are  quite  similar,  with  sheet 
aluminum  having  been  rolled  Into  semi -cylinders  and  welded 
longitudinally.  The  short  cylinders  thus  obtained  were 
welded  together  and  end  caps,  machined  from  plate  stock, 
were  than  welded  to  the  cylinder.  From  the  appearance  of 
some  welds.  It  seemed  that  different  filler  alloys  may  have 
been  used  on  some  of  the  containers.  All  welds  except  some 
of  the  end  plate  to  outlet  fitting  welds  were  obviously 
machine  welded,  possessing  a smooth,  relatively  narrow  and 
unlfinn  geometry  and  appearance. 

2.  Alcoa  One-Quart  Containers 

These  containers  are  sometimes  referred  to  as 
"Guinea  Pig  Tanks"  A variety  of  aluminum  alloys  (2014,  221Q, 
5456,  6061,  M825  or  7007)  were  fabricated  Into  one  quart 
vessels  of  a square  ended  cylinder  shape,  to  provide  small, 
relatively  low  cost  containers  which  could  be  used  for 
compatibility  tests.  No  specific  report  was  available  to 
provide  details  of  the  fabrication  process.  However,  Inspection 
of  the  hardware,  and  a series  of  mechanical  te.sts  and  other 
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examinations  provided  sufficient  information  for  an  explana- 
tion of  the  fabrication  process. 


The  containers  consist  of  two  spun  cups,  each 
with  a square  end  and  cylindrical  sides.  After  the  girth 
weld  was  made.  Joining  the  two  tank  halves,  weld  deposits 
were  placed  on  the  parent  metal  so  that  "crossed  welds" 
would  be  produced  In  the  finished  tank.  This  configuration 
of  a later  weld  crossing  a previous  weld  is  often  encountered 
in  large  scale  flight  tankage  and  is  therefore  of  great 
Interest.  In  addition  to  these  welds,  machined  fittings  were 
welded  into  each  end  of  the  tank.  All  of  these  welds  were 
manual  welds,  generally  of  very  good  quality,  but  not  perfectly 
uniform. 

In  order  to  verify  the  heat  treatment  and  weld- 
ing sequence,  and  also  provide  insight  Into  possible  degrad- 
ation of  the  materials  during  the  course  of  exposure,  tensile 
tests  were  performed  on  parent  metal  and  weld  samples  of 
selected  tanks,  one  of  each  alloy  from  this  group.  The  results 
are  considered  In  detail  in  Section  VI.C.l.  The  only  tank 
which  departs  significantly  from  the  expected  properties  of 
the  T6,  fully  heat  treated  condition.  Is  the  7007  (MB?6) 
experimental  alloy  tank.  The  propertle.s  reported  In  the 
Alcoa  report  on  the  development  of  this  alloy  (Ref.  0)  were 
used  to  provide  the  typical  properties.  The  non-heat  treat- 
able, work  hardening  alloy  Sl*s6  produced  properties  which 
coirespond  to  either  the  H117  temper  a.s-worked  condition  or 
the  H3?l  temper,  a worked  plus  staMilred  condition.  These 
seem  reasonable  for  this  non-heat  treatable  alloy. 


I 
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3.  Arde  One- Pint  Cylinders 


These  tanks  are  small,  elongated  cylinder 
shapes  developed  by  Arde,  Inc.,  as  a production  quantity 
vessel  for  storing  high  pressure  gases  (COg  for  raft 
inflation  or  Og  for  life  support).  Since  they  are  a 
production  item  no  individual  cylinder  information  is 
available,  but  the  fabrication  process  is  well  established. 
The  material  used  is  a controlled  chemistry  version  of 
AISI  301  stainless  steel,  a "lean"  grade  of  stainless  steel, 
which  readily  transforms  to  martensite  during  low  temper- 
ature straining.  This  transformation  to  martensite  produces 
a very  large  Increase  in  strength,  making  the  cylinder 
capable  of  withstanding  very  high  pressures. 

The  cylinder  is  fabricated  by  rolling  and 
welding  sheet  to  form  the  cylinder  section,  then  welding 
on  end  caps  spun  frim  sheet  metal.  The  closed  cylinder  is 
fabricated  undersize,  and  is  solution  annealed  before  being 
placed  in  a cryogenic  chamber  where  it  can  be  stretched  to 
final  size  by  internal  hydrostatic  pressurization,  at  liquid 
nitrogen  temperature.  This  stretch  is  accomplished  in  a 
die  cavity,  which  controls  the  stretching,  allowing  shaping 
of  the  rinlshod  bottle,  and  results  in  a removal  of  weld 
mismatch  or  any  eccentricities  in  the  fabricated  parts. 

The  cryogenic  stretching  results  in  the  desired 
austenite  to  martensite  transformation  and  a high  strength 
level.  The  strength  can  be  further  increased  by  an  aging 
treatment,  ?0  hours  at  SOO'F,  which  results  in  precipitation 
along  the  transformed  martensite  boundaries.  These  effects 
and  the  properties  obtained  are  presented  in  detail  in 
Section  VI. B. 9. 
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C.  GROUP  II  - REPRESENTATIVE  TANKAGE 


The  tankage  in  this  group  included  15-gallon 
capacity  vessels  fabricated  solely  for  use  as  test  articles 
in  this  program.  The  tankage  was  fabricated  by  current  or 
advanced  state-of-the-art  methods.  Fabrication  and  quality 
control  problems  encountered  during  the  course  of  manufacture 
of  this  tankage  group  are  likely  to  be  encountered  during 
the  manufacture  of  an  operational  liquid  rocket  system. 

1.  Storabllity  Test  Articles 

These  are  tanks  of  10  to  15-gallon  capacity 
procured  especially  for  use  in  this  program.  They  were 
manufactured  either  by  Convair  or  Martin,  as  a part  of 
procurements  made  over  the  course  of  several  years.  The 
tankage  was  manufactured  from  aluminum,  steel  or  nickel  alloys, 
using  large-scale  production  methods,  and  includes  dome,  girth, 
cylindrical,  and  longitudinal  welds  characteristic  of  large 
tankage  design.  Manufacturing  process  records.  X-ray,  photo- 
graphs, inspection  logs  and  metallurgical  samples  of  welded 
and  unwelded  materials  were  delivered  to  APRPL  with  the  tanks 
to  serve  as  documentation.  For  the  propose,  of  this  evaluation 
program,  the  Convair  or  Martin  reports  documenting  these  tank 
fabrication  programs  have  generally  provided  all  information 
needed  to  understand  the  fabrication  process  involved.  These 
reports  are  included  in  the  reference  listing  for  this  section. 
(References  3,  4 and  5).  Based  on  these  reports  and  inspection 
of  the  tanks,  tabulations  of  the  significant  characteristics 
of  fabricat.on  are  given  in  Tables  III  and  IV. 
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2.  Solid  State  Bonded  Tank 


The  experimental  solid  state  bonded  tank  was 
fabricated  by  the  Martin  Company,  using  explosive  bonding 
techniques.  The  fabrication  of  this  2024  aluminum  tank  is 
discussed  in  greater  detail  in  the  corrosion  analysis 
Sections  VI. B. 5 and  7 since  the  fabrication  aspects  (Alclad 
sheet,  annealing,  etc.)  were  quite  important  in  understanding 
the  corrosion  effects  observed. 

D.  GROUP  III  - STORABLE  PREPACKAGED  FEED  SYSTEMS  (SPPS) 

These  systems,  procured  especially  for  the  storage 
compatibility  program,  consisted  of  a complete  set  of  hard- 
ware for  the  storage,  positive  expulsion  and  control  of 
propellant  delivery  under  flight  conditions.  They  were 
designed,  fabricated  and  filled  with  propellant  by  the 
General  Dynamics  Corp./Convair  Division.  Their  fabrication 
history  is  outlined  in  Table  V.  The  systems  contained 
either  a surface  force  orientation  (SPO)  device  or  a Rolling 
Diaphragm  (RD)  for  positive  expulsion  of  the  propellant, 
combined  with  either  a liquid  propellant  gas  generator  (LPGG), 
solid  propellant  gas  generator  (SPGG)  or  high  pressure  stored 
gas  device  (SGD)  pressurization  sub-system.  Metal  discs, 
welded  into  the  tank  inlet  and  outlet,  ruptured  for  propellant 
discharge  when  they  were  pressurized  by  the  sub-system. 

The  SPPS  evaluated  in  this  program  simulate  opera- 
tional systems,  where  an  expulsion  device  is  often  integrated 
into  the  tankage  to  insure  that  single  phase  liquid  is  fed 
to  the  engine.  Further  fabrication  details  are  given  in 
Reference  6 which  documented  the  Convair  effort  in  building 
these  systems. 
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SECTION  VI 

DISCUSSION  OF  RESULTS 


A.  OVERALL  EXAMINATION  OP  EXTERNAL  AND 

INTERNAL  SURFACES 

The  first  stage  In  any  examination  of  hardware  for 
coirosion  effects  is  a thorough  examination  and  documentation 
of  the  surface  appearance.  This  examination  must  be  done  by 
trained  and  experienced  observers  who  will  pay  careful 
attention  to  preferential  attack  of  welds,  crevices  and  other 
susceptible  regions.  The  initial  examination  of  these  tanks, 
after  exposure  to  various  propellants  and  storage  room  environ- 
ments, was  done  in  this  manner,  with  complete  photographic 
documentation  of  the  external  and,  after  preliminary  section- 
ing, Internal  surfaces.  The  primary  purpose  of  this  initial 
examination  (Phase  I of  metallurgical  effort)  was  to  Identify 
those  failures,  anomalies  or  unusual  conditions  which  would 
warrant  a more  detailed  examination  and  analysis  in  the  Phase 
II  portion  of  the  metallurgical  effort.  Accordingly,  this 
section  of  the  report  documents  the  surface  condition  of  the 
tanks  as  received  from  their  various  test  exposures,  and 
identifies  those  anomalies,  failures  or  other  corrosion  and 
service  effects,  which  will  be  considered  in  the  succeeding 
Section  VI. B,  Metallurgical  Examination  of  Failures  and 
Anomalies. 

As  was  discussed  in  Section  II  on  Program  Structure, 
there  were  three  main  classes  of  tanks  examined  in  this  pro- 
gram; Small  Containers,  designed  primarily  for  compatibility 
testing;  Representative  Tankage,  10-15  gallon  tanks  incorpo- 
rating full  scale  tank  fabrication  methods;  and  Prepackaged 
Systems  which  contained  all  hardware  necessary  for  storage, 
expulsion  and  control  of  propellants.  These  main  classes  are 
treated  separately  in  the  following  sub-sections. 
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1.  Small  Containers 


a.  Arde  One-Pint  Cylinders 

A total  of  15  of  these  AISI  301  stainless 
steel  cylinders,  was  examined.  All  of  the  cylinders  included 
a valve  and  related  fittings  at  each  end.  None  of  the  attached 
valves  or  lines  showed  any  significant  corrosion  effects. 
Therefore,  these  components  were  not  examined  further.  One- 
half  of  the  tanks  were  in  the  unaged  (as-cryo-stretched) 
condition  and  the  other  half  in  the  aged  condition  (20  hours 
at  800°F).  In  each  group  one-half  of  the  tanks  were  filled 
with  CIF^  and  the  other  half  with  NgOjj^.  All  were  exposed  for 
a period  of  five  years.  A listing  of  these  cylinders,  their 
condition,  stored  propellant  and  brief  summary  of  their  external 
and  internal  appearance,  is  given  in  Table  VI. 

The  unaged  cylinders  loaded  with  CIF^  are 
shown  in  Figure  9.  The  exteriors  of  all  three  of  these  cylinders 
were  clean  eind  smooth  with  no  corrosion.  After  sectioning,  the 
interiors  were  found  to  have  a light  straw  colored  stain  appear- 
ance, but  no  corrosion  or  attack  was  visible. 

The  unaged  cylinders  loaded  with  NgO^  are 
shown  in  Figure  10.  Two  of  them,  S/N's  4 and  7,  had  a small 
amount  of  minor  pitting  on  exterior  welds  at  one  end,  but  this 
was  not  considered  significant.  The  other  two  were  completely 
clean  with  no  corrosion.  The  interiors  of  these  cylinders 
were  very  clean  and  untarnished  with  only  the  faintest  indic- 
ation of  a "waterline"  to  show  the  level  of  propellant  stored 
in  them. 
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The  aged  cylinders  loaded  with  CIP^  are  shown 
in  Figure  11.  As  with  the  last  group,  some  very  minor 
pitting  was  visible  on  welds  and  end  fittings  of  S/N's  l6 
and  17,  while  the  other  two  were  clean  and  unattacked.  The 
interiors  of  these  aged  cylinders  were  significantly  different 
from  the  unaged  cylinders  previously  discussed.  The  surfaces 
were  dulled  and  uniformly  stained  to  a light  medium  brown. 

There  was  no  evidence  of  any  corrosive  attack.  These  cylinders 
had  either  been  filled  completely,  or  the  partial  filling  with 
CIF^  did  not  cause  any  change  in  the  internal  stain,  as  it  did 
with  the  This  internal  dulling  and  staining  was  therefore 

associated  with  the  aging  rather  than  with  the  propellant 
exposure . 


The  aged  tanks  loaded  with  are  shown  in 

Figure  12.  The  exteriors  of  these  cylinders  showed  no  attack 
or  corrosion.  As  with  the  other  aged  tanks,  the  interiors 
were  dull  and  stained  a light  brown.  The  exposure  had 

left  a "waterline"  about  2/3  up  the  sides  of  the  cylinder, 
with  the  liquid  phase  surface  slightly  darker  than  the  vapor 
phase.  There  was  no  corrosion  or  attack  visible. 

The  dulling  or  staining  of  the  aged  cylinders 
and  the  apparent  slight  effect  of  the  was  considered 

worthy  of  metallurgical  evaluation,  even  though  it  obviously 
did  not  represent  a degrading  condition.  In  addition,  the 
sectioning  of  these  Arde  cylinders  offered  an  excellent 
opportunity  to  further  examine  the  strength  and  metallurgloal. 
characteristics  of  this  tank  material,  with  its  extreme  tough- 
ness and  strength.  Therefore,  a detail  analysis  of  cylinders 
S/N's  10  and  23  was  performed  and  is  included  in  Section 
VI. B. 9. 
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The  exposure  and  compatibility  performance 
of  these  cylinders  over  a five-year  period  was  excellent  in 
all  three  environments:  CIP^,  ^ humid,  sometimes 

acid  vapor  laden,  storage  room  environment.  This  material 
would  certainly  seem  to  be  an  excellent  choice  for  long- 
term storage  of  these  propellants. 

b.  2014-T6  Aluminum  Alloy  3"x6"  Containers 

Pour  containers,  loaded  with  (Speci- 

fication MIL-P-26539)  for  over  four  years,  were  examined 
and  are  tabulated  in  Table  VII.  Their  exterior  and  interior 
surface  appearance  1s  shown  in  Plgure  13. 

The  external  surfaces  of  these  containers 
were  lightly  etched  with  scattered,  very  shallow  pitting, 
particularly  on  the  welds  and  along  the  edge  of  weld  areas. 

The  welds  were  generally  darkened,  but  none  of  these  external, 
mild  corrosion  effects  were  considered  significant.  They  do 
indicate  the  moderately  corrosive  nature  of  the  humid,  some- 
times acid  fume  containing,  storage  room  environment. 

The  Internal  surfaces  ot  these  four  cylinders 
showed  some  light  surface  attack  and  some  pitting,  varying 
from  definite,  though  shallow  pits  in  S/N  1 to  the  suggestion 
of  the  start  of  pitting  in  S/K  3-  A small  quantity  of  white 
corrosion  product  was  usually  found  in  areas  where  definite 
pits  had  formed.  As  indicated  in  Table  VII,  these  containers 
had  remained  empty,  drained  and  purged,  but  not  flushed,  for 
years  before  sectioning  and  evaluation.  Past  experience 
at  BAG,  with  hardware  tankage,  has  shown  that  flushing  must 
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be  carried  out  with  care  If  corrosion  is  to  be  prevented. 

It  is  therefore  believed  that  the  pitting  observed  is 
directly  attributable  to  the  lack  of  flushing.  The  localized 
appearance  of  discoloration  along  a strip  which  would  represent 
a residual  liquid  location  can  be  seen  in  the  S/N  4 cylinder 
in  Figure  13  and  supports  this  conclusion. 

This  Internal  pitting,  although  not  considered 
serious,  does  correspond  to  pitting  in  other  2014  or  2024 
aluminum  tanks.  Therefore,  S/N  1 from  this  group  was  examined 
in  greater  detail  as  a confirmatory  analysis  in  Section  VI. B. 5. 

Other  than  this  internal  pitting,  which  was 
believed  due  to  post-propellant  exposure,  these  containers 
showed  no  serious  degradation,  and  they  verify  the  conclusions 
drawn  earlier  in  the  Long  Term  Storage  Testing  Program  (Ref.  7) 
that  any  leakage  problems  in  Titan  II  tankage  were  the  result 
of  tank  design  and  fabrication  problem:-  rather  than  material/ 
propellant  compatibility  problems. 

c.  Alcoa  One-Quart  Containers 

A total  of  ?7  aluminum  alloy  tanks  were 
loaded  with  CIF^  or  and  stored  for  years.  In  addition, 

some  of  these  tanks  had  previously  been  u.sed  in  exposure  tsf-ts 
with  other  Interhalogen  propellants  such  as  CIF^  or  Compound  A. 
Before  use  In  this  series  of  teats,  the  reused  containers  had 
been  Inspected  and  cleaned,  so  that  any  current  corrosion 
effects  are  assumed  to  be  the  product  of  the  current  test  exposure. 
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A tabulation  of  all  tanks,  their  known 
history  and  brief  description  of  their  external  Bind  Internal 
appearance  Is  given  In  Table  VII. 

Two  X7007  (M-825)  alloy  tanks  loaded  with 
CIF^  are  shown  In  Figure  14.  The  external  surfaces  of  these 
tanks  were  heavily  etched  or  corroded,  with  attack  along  the 
edge  of  weld  and  In  heat  affected  zones  even  more  pronounced. 
This  was  particularly  true  around  the  welded  fittings  at  the 
tank  ends.  The  Interior  surfaces  were  quite  clean  with  only 
a slight  suggestion  of  some  spots  which  might  eventually 
become  pits.  The  external  surface  pitting  of  one  of  these 
tanks,  S/N  105,  was  subjected  to  additional  evaluation  as 
a confirmatory  analysis  under  the  External  Surface  Pitting 
Study,  Section  VI. B. 7. 

Three  6061  alloy  tanks  loaded  with  CIP^ 
are  shewn  in  Figure  15.  The  external  surfaces  of  these 
tanks  were  generally  clean  with  only  a few  pits  on  the  tank 
ends,  particularly  on  S/W  40.  None  of  these  pits  were  deep 
or  serious  and  none  were  associated  with  the  welds  as  had 
been  the  case  with  the  7007  alloy  tanks.  The  Internal  sur- 
faces were  vftrv  clean  and  shiny  showing  no  corrosive  attack. 
This  very  good  resistance  to  corrosion  from  both  the  propel- 
lant and  atmosphere  Is  to  be  expected  for  this  606I  alloy 
and  no  adiUtlor.at  analysis  was  performed  on  these  tanks. 

The  four  ??19  alloy  tanks  loaded  with  GIF- 
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are  s(  own  In  Figure  I6.  These  tanks  showed  some  etching  and 


26 


pitting,  particularly  at  edge  of  weld  areas  and  at  the  ends, 
but  It  was  much  less  pronounced  than  the  7OO7  alloy  tanks. 

The  Interiors  were  dulled,  with  some  very  shallow  pitting 
of  the  base  metal  in  Isolated  areas,  but  no  attack  of  the 
weld  or  heat  affected  zones.  In  general  these  tanks  were 
unaffected  by  the  propellant  exposure  and  only  lightly 
affected  by  the  humid,  environmental  exposure,  so  no  further 
analysis  was  performed  on  this  group. 

The  four  5^5^  alloy  tanks  loaded  with  GIF., 
are  shown  in  Figure  17.  The  external  surfaces  were  generally 
clean  with  only  a slight  amount  of  pitting.  There  was  some 
checking  or  very  shallow  cracking  associated  with  the  welds 
on  two  of  the  tanks,  S/N's  92  and  96,  but  these  were  neither 
caused  by  nor  aggravated  by  any  corrosion  and  were  there- 
fore not  considered  significant  to  this  program.  The  internal 
surfaces  were  clean  and  generally  bright  with  no  evidence  of 
any  corrosion  effects,  much  the  same  as  the  6061  alloy.  No 
further  analysis  was  necessary  on  this  group  of  tanks. 

The  seven  ?OiU  alley  tanks,  loaded  with  CIF^, 
are  shown  in  Figure  IP.  The  external  surfaces  of  these  tanks 
showed  a general  etching  with  pitting  of  the  weld  heat  affected 
zones,  particularly  along  the  edge  of  weld  lines.  This 
etching  and  pitting  was  not  deep  but  does  indicate  the  poorer 
corrosion  resistance  of  ?oi4  as  compared  to  ('■06I,  *>456,  7007 
and  ??19.  Tank  Pi  had  a small  hole  extending  Inward  a 
short  distance  at  the  edge  of  one  weld.  This  appeared  to  be 
a weld  Induced  anomaly,  and  no  local  corro-slon  occurred  in 
or  near  the  hole,  so  It  was  not  considered  further  for  this 
program.  The  internal  surfaces  of  these  tanks  were  dull  and 
discolored,  with  severe  pitting  in  S/N  19,  lesser  pitting  in 
S/N  24  and  some  shallow  pits  or  the  start  of  pi's  in  most 
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tanks.  There  were  several  checks,  fissures  or  very  shallow 
cracks  on  Internal  weld  surfaces  of  several  tanks  which 
were  considered  primarily  welding  smomalles.  The  Internal 
condition  of  tanks  S/N's  19  and  24  are  considered  in  detail 
In  Section  VII. B.  The  2014  alloy,  as  expected,  showed 
poorer  corrosion  performance  externally  than  the  other 
aluminum  alloys.  Internal  corrosion  resistance  was  also 
significantly  lees  than  tint  of  the  other  aluminum  alloys. 

The  three  X7007  (M-825)  alloy  tanks  loaded 

with  NgOjj  are  shwn  In  Figure  19.  As  with  the  CIF^  loaded 

tanks,  these  showed  gene*-al  external  surface  etching  or 

attack,  with  some  pitting  heavier  attack  along  the  edge 

of  weld  lines.  The  interior  surfaces  were  clean  but  with 

the  start  of  pitting  evident  In  some  locations.  The  Internal 

attack  was  much  less  thar.  with  the  CIF,  loaded,  X7007  alloy 

tanks  which  wore  subjected  to  additional  analysis.  The 

exposure  and  post  test  storage  with  residues  was 

evidently  less  severe  on  the  alloy  than  the  ClFe  and  CIF, 

b b 

residue  exposure. 

One  2219  alloy  tank  loaded  with  NgOjj  is 
shown  In  Figure  20.  The  external  surface  of  this  tank  was 
lightly  etched  with  some  edge  of  weld  attack,  particularly 
In  the  weld  overlap  or  weld  stop  areas.  The  Internal  sur- 
face was  stained  somewhat,  particularly  at  one  end,  where  a 
residue  had  evaporated,  but  no  corrosion  or  pitting  was 
observed. 


Three  2014  alloy  tanks  loaded  with 
ai'e  shosm  In  Figure  21.  The  external  surfaces  showed  heat 
affected  sone  and  edge  of  weld  attack  but  no  serious  pitting 
and  essentially  no  attack  of  the  base  metal.  The  Internal 
surfaces  showed  aorte  shallow  pitting  and  discoloration  which 
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were  less  severe  than  the  2014  alloy  tanks  loaded  with  CIP^ 
and  previously  discussed.  Since  the  attack  In  this  group 
was  much  less  than  the  other  2014  tanks  selected  for 
additional  metallurgical  analysis,  no  further  analysis  of 
these  teuiks  was  performed. 

The  surface  evaluation  of  these  Alcoa 
aluminum  tanks  can  be  summarized  with  these  "ranking"  comments; 

(1)  Propellant  exposure  effects  were  not 
severe  In  any  alloy,  with  the  ClF^  causing  slightly  more  attack 
than  the  N^Oj^. 

(2)  The  internal  attack  that  did  occur  Is 
likely  to  have  been  caused  primarily  after  draining.  In  the 
li  - 2 year  period  before  evaluaflon. 

(3)  External  surface  attack,  caused  by  a 
humid,  acid  vapor,  room  environment  caused  extensive,  although 
not  deep,  attack  of  the  2014  and  X700?  aUimlnum  alloys,  lesser 
attack  of  the  2219  and  almost  no  attack  of  the  tOtl  and  ‘>496 
alloys.  This  same  general  ranking  apnllas  to  the  attack 
obser'/ed  In  the  tank  Interiors,  except  that  the  X7007  alloy 
would  fall  between  the  2210  and  6o6l  alloys. 

2.  Representative  Tankage 

All  of  the  vajiks  of  this  type  received  and 
examined  are  tabulated  in  Table  VIII  along  with  their  expo.sure 
history  and  a brief  description  of  their  external  and  internal 
surface  appearances.  The  second  set  of  these  tanks  received 
had  been  selected  because  of  more  serious  corrosion  effects 
and  a separate  tabulation  of  weld  corrosion  effects  In  these 
tanks  Is  presented  In  Table  IX.  j 


A group  of  five  2021  aluminum  tanks  from 
Martin-Denver,  loaded  and  stored  with  CIF^,  are  shown  in 
Figures  22,  23  and  24.  The  exteriois  of  the  temks,  all 
painted  blue,  were  clean  and  unaffected  by  the  environment 
even  in  those  areas  where  the  paint  film  was  scraped  off. 

The  internal  surfaces  of  all  five  tanks  were  very  bright 
and  shiny,  with  no  corrosion  effects  visible.  In  all  cases 
the  tank  shell  was  completely  unaffected  by  the  propellant 
or  environment  exposure.  On  all  of  these  tanks,  however, 
the  inlet  tubes  leading  to  the  flange  cover  had  been  corroded 
or  damaged.  On  Tank  S/N  1,  the  tube  to  fitting  weld  was 
corroded  and  broken  off.  On  Tank  S/N  2,  the  fitting  to  tube 
weld  was  mechanically  fractured  with  no  evidence  of  corrosion. 
On  tank  S/N  3.  the  weld  was  corroded  and  leaking.  On  Tank 
S/N  4,  two  of  the  tubing  welds  were  corroded  with  the  tube 
broken  off  at  one  of  these  corroded  welds.  On  Tank  S/N  5, 
one  weld  was  corroded  and  leaking.  All  of  these  corrosion 
effects  occurred  In  welds  made  with  4043  alloy  Joining  the 
tubing,  which  wts  6o6l  aluminum.  All  of  these  corroded  welds 
(excludl-ig  Tank  S,/N  i,  where  fracture  appeared  simply  to  be 
mechanical  in  origin)  were  subjected  to  detail  or  confirmatory 
analyses  In  Section  VI. H. 2 or  4, 

The  Inconel  7lP  tank,  fabricated  by  Martin  and 
loaded  with  ClF^,  Is  shown  In  Figure  2S.  This  tmK  had 
been  in  test  for  only  two  days  when  leakage  was  noted  at  the 
flange  cover  plate  seal.  This  seal  consists  of  a soft  aluminum 
gasket  compressed  by  the  adjacent  sealing  surfaces  which  have 
concentric  ribs  machined  in  them.  The  gasket  had  been  deformed 
by  the  ribs.  Indicating  that  the  cover  plate  bolts  were  torqued 
up.  There  was  considerable  local  corrosion  and  corrosion 
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product  deposit  outside  the  sealing  ribs,  verifying  the 
reported  leakage.  No  gross  defects  were  visible  on  the 
gasket  or  sealing  ribs.  The  manufacturer,  Martin  Company, 
had  reported  difficulty  in  sealing  all  the  Inconel  718  tanks 
fabricated  (Reference  4).  Tool  chatter,  aggravated  by  the 
poor  machinability  of  the  Inconel,  had  been  observed  on  the 
flange  sealing  ribs,  presumably  resulting  in  the  inability 
to  seal  perfectly.  The  flange  and  cover  were  therefore 
reraachined,  and  the  tanks  were  then  able  to  pass  helium  leak 
test.  Some  areas  of  fine  chatter,  scratches  and  other 
imperfections  were  observed  on  the  rib  surfaces  of  this 
flange  assembly. 

Away  from  the  flange  area,  exterior-  and  interior 
surfaces  of  this  tank  were  clean  and  unaffected  by  exposure, 
with  no  evidence  of  corrosion  or  attack.  The  tank  shell  was 
slightly  dulled  from  the  post-weld  aging  used  to  develop  the 
desired  heat  treatment  condition.  Because  of  the  complete 
lack  of  any  corre  Ion  effects,  and  the  very  short  exposure 
time,  no  further  evaluation  was  periormed  on  this  tank, 
except  for  the  mechanical  property  tests  to  be  discussed  In 
Section  VI.O. 

Two  ''061  aluminum  tank.s  from  General  Uynamlcs- 
Convair  were  In  storage  test  for  years.  The  one  loaded 
with  CIF,.  Is  shown  In  Figure  ?6,  and  the  one  loaded  with 
is  shown  In  Figure  77.  The  exterior  surfaces  of  these  tanks 
were  slightly  etched,  with  somewhat  more  attack  along  weld 
heat  affected  zones,  but  with  none  of  the  attack  serious. 

The  Interiors  of  both  tanks  were  bright  and  clean  with  occas- 
ional light  stal.ns  and  spots  but  no  pitting.  One  outlet  tube 
was  mechanically  broken  off.  but  there  was  no  evidence  of 
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corrosion  in  that  tube  or  any  other  on  these  tanks.  No 
further  analysis  was  performed  on  these  two  606l  tanks 
because  of  the  absence  of  any  corrosion  effects. 

A 2014  aluminum  tank  from  Convalr,  loaded  and 
stored  with  Is  shown  In  Figure  28.  The  external 

surface  was  heavily  etched  throughout,  with  even  more  pro- 
nounced etching  of  the  weld  heat  affected  zones.  The 
Interior  was  dull  and  tarnished,  with  some  spots  that  may 
be  the  onset  of  pit  formation.  One  outlet  tube  was  heavily 
corroded  at  a point  where  It  was  sharply  bent  but  that  corro- 
sion appeared  to  have  started  at  eui  adjacent  mechanical  fitting 
which  may  have  loosened.  Since  the  corrosion  effects  In  this 
tank  were  less  severe  than  In  another  2014  Convalr  tank  to  be 
discussed  below  (and  later  analyzed  in  detail)  no  further 
evaluation  was  performed  on  this  tank. 

Three  2014  aluminum  tanks  manufactured  by 

Martin  and  loaded  with  CIF,  are  shown  In  Figures  36  and  37. 

5 

All  of  these  tanks  were  painted  with  a blue  protective  paint 
on  their  exterior.  Tank  Nos.  1 and  2 (Figure  36)  were  free 
of  any  corrosion  effects  on  the  tank  shell  itself.  On  both 
of  these  tanka,  the  Inlet  tubing  at  the  flange  cover  was 
corroded  and  leaked  with  the  result  that  there  was  extensive 
corrosion  of  the  exterior  of  the  flange  and  adjacent  tubing. 

On  Tank  No.  3 (Figure  3“),  acid  from  some  externnl  source 
(probably  leakage  Of  an  adjacent  tank  or  line)  had  severely 
corroded  one  side  of  the  dome,  flange  end  and  upper  portion 
of  the  cylinder  section.  The  wall  thickness  was  reduced 
considerably  In  a local  region  close  to  the  flange  boss 
attachment,  and  perforation  or  leakage  of  the  tank  occurred. 

The  Interiors  of  these  three  tanks  were  quite  clean,  and 
generally  shiny,  but  with  some  minor  discoloration.  There 
was  some  minor  edge  of  weld  attack  but  no  significant  corro- 
sion was  noted  In  any  of  these  Interiors.  The  severe 
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corrosion  and  leakage  on  the  tubes  of  Tank  Nos.  1 and  2 
are  considered  in  detail  in  Section  VI. B. 3 and  4,  while 
the  corrosion  of  the  shell  exterior  of  No.  3 was  subjected 
to  a detail  analysis  presented  in  Section  VI. B. 7. 

Two  7039  aluminum  tanks,  also  manufactured 
by  Martin  and  loaded  with  CIF^,  are  shown  in  Figure  38. 

As  with  the  20l4  tanks  just  discussed,  these  were  also 
painted  and  had  small,  insignificant  spots  of  corrosion 
evident  on  the  external  tank  shell.  The  internal  surfaces 
were  very  clean  and  bright  with  no  evidence  of  corrosion. 
The  tubes  welded  to  the  flange  cover  were  corroded.  On 
Tank  No.  4,  the  tube  to  fitting  weld  was  corroded  and  then 
mechanically  fractured.  The  flange  cover  to  tube  weld  on 
Tank  No.  5 was  corroded,  while  the  tube  to  fitting  weld 
was  fractured  with  no  corrosion  observed.  It  is  likely 
that  many  of  these  broken  tubing  welds  represent  situations 
where  the  disassembly  of  adjacent  fittings  after  lengthy 
exposure  required  considerable  torque  and  mechanical  effort, 
far  beyond  the  normal  assembly  and  disassembly  forces 
expected.  These  tubing  corrosion  failures  are  examined  as 
detail  and  confirmatory  analyses  in  Section  VI. B. 4. 

An  experimental  solid  state  bonded  tank  from 
Martin,  fabricated  of  2024  Alclad  aluminum  and  loaded  with 
NpOj^,  Is  shown  in  Figure  39-  This  relatively  small  tank, 
consisting  of  two  domes  explosively  bonded  at  an  overlap 
Joint,  showed  extensive  etching  and  corrosion  with  white 
powdery  corrosion  product  over  the  entire  exterior.  The 
tank  was  fabricated  from  Alclad  sheet,  and  additional  corro- 
sion was  present  on  the  exposed  edge  of  the  overlap  joint 
where  tV.e  2024  core  was  bared  to  the  environment.  The 
inter! 01  of  the  tank  was  discolored  and  lightly  etched. 
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Nunerous  very  deep  pits  were  found  in  the  interior,  parti- 
cularly at  the  dome  end  opposite  the  Inlet/outlet  port. 

This  Interior  pitting  appeared  to  he  the  result  of  residual 
propellant  left  in  the  tank  after  draining  and  purging. 

A small  crack  was  found  on  the  inlet/outlet  port  to  shell 
weld  but  it  was  not  associated  with  any  corrosion  effect. 

A rust  colored  deposit  of  foreign  material  was  found  along 
a portion  of  the  interior  bond  overlap.  As  described  in 
this  paragraph,  it  is  evident  that  several  of  the  features 
of  this  tank  v;arranted  additional  examination.  The  most 
serious,  the  deep  interior  surface  pitting,  was  examined  as 
a detai:  analysis  in  Section  VI. B. 5.  The  external  surface 
attack  was  examined  as  a confirmatory  analysis  in  Section 
VI. B. 7.  The  opportunity  to  study  both  mechanical  properties 
and  metallurgical  behavior  of  the  experimental  solid  state 
bond,  after  several  years  exposure,  was  also  taken,  and  that 
evaluation  is  included  in  Section  VI. C. 

A 2014  aluminum  tank,  manufactured  by  Martin 
and  loaded  with  shown  in  Figure  40.  The  exterior 

of  this  tank  was  etched  and  lightly  pitted  over  the  entire 
surface,  with  pitting  heavier  along  heat  affected  zones  and 
edge  of  weld  lines.  This  pitting  was  not  deep  in  any  loca- 
tion, but  was  general  over  the  surface,  although  slightly 
less  under  the  support  band  where  the  surface  is  somewhat 
protected.  The  interior  was  very  clean  and  bright  except 
for  some  minor  discoloration  of  vfelds  and  small  spots.  No 
significant  corrosion  occurred  on  the  Interior.  The  corro- 
sion and  pitting  of  the  exterior  was  evaluated  as  a confirm- 
atory analysis,  Section  VI. B. 7.  Tensile  tests  to  show 
strength  degradation,  if  any  are  also  included. 
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A 7039  aluminum  tank  from  Martin,  loaded  and 
stored  with  is  shown  in  Figure  4l.  The  exterior  of 

this  tank  was  uniformly  and  lightly  etched  to  a light  gray, 
matte  finish.  There  was  no  pronounced  exterior  corrosion. 
The  Interior  was  very  clean  and  bright,  with  a distinct 
"waterline"  showing  that  the  tank  had  been  half-full  of 
propellant.  There  were  no  corrosion  effects  visible  in 
the  Interior.  With  only  slight  external  corrosion  and  no 
interior  corrosion,  this  tank  was  not  subjected  to  any 
additional  analysis. 

A 6061  aluminum  tank,  manufactured  by  Convair 
and  loaded  with  is  shown  in  Figure  42.  The  exterior 

was  uniformly  etched  to  a light  gray,  matte  finish,  with 
some  welds  darkened  and  a minor  amount  of  edge  of  weld 
attack,  but  no  pitting  or  other  significant  corrosion.  The 
interior  was  bright  and  shiny,  unaffected  by  the  propellant 
exposure.  No  further  analysis  was  performed  on  this  606I 
tank,  which  again  demonstrated  the  generally  good  corrosion 
resistance  of  this  alloy.  Two  2014  aluminum  tanks  made  by 
Convair,  one  loaded  with  (No.  10)  and  one  with  CIP^ 

(No.  11)  are  shown  in  Figure  43.  The  exterior  surfaces  of 
both  tanks  were  etched  and  corroded  with  a white,  powdery 
corrosion  product  present  on  portions  of  the  surface.  There 
was  some  preferential  autack  along  the  weld  edges,  with 
occasional  pitting.  Exfoliation  attack,  (lifting  up  of  sur- 
face layers  of  the  sheet  by  subsurface  corrosion  along 
rolling  planes)  was  observed  in  local  areas  near  the  bosses 
of  Tank  No.  11.  The  interior  of  the  No.  10  tank,  loaded 
with  Ng02j^,  contained  significant  discoloration  and  pitting, 
particularly  in  a band  where  residual  propellant  probably 
remained  after  draining.  Other  areas,  particularly  on  and 
near  welds,  show  shallower  pits  and  spotted  discoloration. 
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This  No.  10  tank  was  subjected  to  metallurgical  evaluation 

as  a confirmatory  analysis  in  Section  VI. B. 5.  The  No.  11 

tank,  loaded  with  C1F-,  showed  much  less  corrosion  effect, 
t) 

with  the  internal  surface  being  generally  clean  and  bright, 
with  only  shallow  pitting.  This  tank,  which  did  not 
receive  additional  analysis,  represents  a somewhat  unusual 
condition,  since  throughout  this  program  the  CIP^  propellant 
produced  more  severe  attack  than  This  pair  of  essent- 

ially identical  2014  tanks,  however,  showed  more  pronounced 
corrosion  in  the  loa^ded  unit.  One  possible  explanation 

could  be  that  pitting  corrosion  in  the  N^Oj^  tank  may  have 
been  caused  by  Incomplete  draining  and  purging,  developing 
during  post-propellant  storage  period;  whereas  the  CIP^  tank 
was  more  thoroughly  purged,  so  that  less  acid  residue 
remained . 


An  A-286  stainless  steel  tank,  manufactured  by 
Martin  and  loaded  with  CIF^,  is  shown  in  Figure  44.  The 
exterior  of  this  tank  was  painted  blue,  and  the  paint  was 
intact  and  unaffected  over  most  of  the  surface,  with  no 
evidence  of  any  general  corrosion.  There  was  a relatively 
small,  locOized  rust-like  spot  on  the  weld  joining  the  dome 
to  the  flange.  Although  relatively  small  and  appearing  minor, 
later  evaluation  showed  this  spot  of  corrosion  to  have  per- 
forated through  the  weld.  The  Interior  of  the  tank  showed 
no  corrosion,  only  a dull  film,  probably  from  the  post-weld 
aging  of  the  tank.  A "waterline"  was  visible  near  the  mid- 
plane  of  the  tank  but  there  was  no  corrosion  above  or  below 
the  line.  The  localized  attack  of  the  weld  was  evaluated  in 
detail  and  reported  in  Section  VI. B. 8. 

The  results  of  the  visual  examination  of  these 
Representative  Tankage  articles  can  be  summarized  as  follows: 


36 


a.  The  welds  between  tubes,  fittings  and 
flanges  at  the  Inlet/outlet  ports  of  the  aluminum  tanks 
were  the  most  prevalent  sources  of  leakage  and  corrosion 
damage.  Most  of  these  represent  corrosion  of  4043  filler 
alloy  used  on  606l  aluminum  tubing.  As  will  be  discussed 
in  the  detail  analyses  which  follow,  the  manual  welds 
produced  were  often  large  and  Irregular,  containing  cold 
shuts  and  fissures  for  relatively  easy  initiation  of  corro- 
sion. 


b.  Exterior,  general  corrosion  occurred  on 
the  bare  aluminum  tanks,  2014  aluminum  especially;  but 
2024,  6061  and  7039  alloy  tanks  also  showed  considerable 
etching.  None  of  the  external  general  corrosion  was  serious 
or  degrading  to  tank  performance  in  the  degree  observed,  but 
it  was  indicative  of  the  generally  corrosive  atmosphere  to 
be  expected  in  a storage  area  where  occasional  oxidizer  leaks 
or  spills  occur. 


c.  The  painted  aluminum  tanks  were  well 
protected  from  the  general  environmental  corrosion. 

d.  Direct  impingement  of  leaking  oxidizer 
from  adjacent  tanks  and  systems  can  be  quite  damaging  even 
to  painted  tanks. 


e.  No  Internal  corrosion  was  found,  as  a direct 
result  of  the  NgO;^  or  CIF^  exposure.  In  general,  tank 
Interiors  were  in  excellent  condition. 

f.  Where  interior  pitting  did  occur,  it  appeared 
to  be  caused  by  residues  of  propellant  left  after  tank  drain- 
ing and  purging.  If  tanks  are  to  sit  for  extended  times  after 
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draining  (many  of  these  tanks  sat  for  2-4  years  after  draining) 
and  they  are  Intended  for  eventual  re-use,  they  must  be  purged 
and  cleaned  of  acid  residues  to  a much  greater  degree  than 
these  tanks  were. 


g.  The  A-286  stainless  steel  tank  examined  had 
developed  a leak  through  a weld,  apparently  from  external 
corrosion.  The  Inconel  7l8  tank  had  such  a short  exposure 
before  flange  leakage  that  no  assessment  can  be  made  of  Its 
propellant  compatibility. 

All  of  the  corrosion  effects  noted  above  are 
examined  In  detail  In  Section  VI. B. 

3.  Storable  Prepackaged  Feed  Systems 

As  previously  described,  these  systems  are  complete 
units,  with  the  propellant  storage  tank  containing  a positive 
expulsion  device,  pressurising  gas  source,  isolation  valves, 
pressure  regulator  valves,  burst  disks  and  necessary  plumbing, 
all  assembled  within  a support  frame.  The  propellant  temks 
were  the  primary  object  of  evaluation  in  this  program.  The 
other  components  were  examined  as  the  systems  were  disassembled, 
and  in  some  cases  these  components  were  sectioned  for  Internal 
evaluation.  The  results  of  that  evaluation  of  auxiliary 
components  are  summarized  below. 

a.  Pressurizing  Gas  Sources 
(1)  Stored  Gas  Devices 

Three  of  the  systems  contained  high 
pressure  gas  bottles  as  a gas  source.  These  were  very  thick 
wall  (0.75  inch)  AISI  3o4  stainless  steel  spheres.  No  corro- 


Sion  was  found  on  the  exterior  of  any  of  these  spheres.  A 
one-inch  diameter  hole  v;as  drilled  into  the  spheres  to  allow 
Borescope  examination  of  the  interior.  No  corrosion  or  other 
anomalies  were  found,  and  no  further  evaluation  of  these 
bottles  was  performed. 

(2)  Liquid  Propellant  Gas  Generator 

Four  of  the  systems  contained  a quantity 
of  hydrazine/water  mixture  in  a bellows  tank,  under  pressure, 
which  was  fed  through  a catalyst  bed  reactor /gas  generator  to 
provide  the  pressurizing  gas.  The  bellows  tank  was  a very  heavy 
wall  (]  inch)  AISI  3^7  stainless  steel  cylinder  enclosing  a 
welded  leaf  bellows.  These  tanks  were  sectioned  to  view  both 
the  exterior  and  interior  of  the  bellows.  No  corrosion  or  other 
anomalies  were  found  on  either  the  exterior  or  interior  of  the 
tank  or  bellows.  The  gas  generator  and  adjacent  lines  were  dis- 
colored from  the  heat  of  decomposltlot\,  but  no  corrosion  or 
anomalies  were  observed.  No  further  analysis  was  performed. 

(3)  Solid  Propellant  Gas  Generator 

Six  of  the  systems  contained  a solid 
propellant  gas  source  consisting  of  a pair  of  ammonium  nitrate/ 
thermoplastic  binder  propellant  grains  in  AT.GT  3U7  stainless 
steel  cylinders,  feeding  through  a nozzie  orli'lce  into  the 
pressurizing  line.  As  would  be  expected,  the  cylinders  and 
lines  were  blackened  and  discolored  by  the  propellant  firing, 
but  there  was  no  evidence  of  any  corrosion  cr  anomalies  in 
these  components  and  they  were  not  evaluated  f .rther. 

b.  Explosively  Actuated  isolation  Valves 

The  stored  gas  and  liquid  propellant  generator 
systems  contained  explosively  actuated  isolation  valves. 


These  were  examined  visually  and  no  evidence  of  corrosion, 
anomalies  or  unusual  firing  behavior  was  found.  No  further 
examination  was  performed. 

c.  Pressure  Regulators 

The  gas  pressure  regulators  from  the  systems 
were  removed  smd  exsunlned.  A series  of  crack-llke  linear 
Indications  were  found  on  several  of  the  stainless  steel  valve 
bodies  of  these  regulators.  These  were  verified  by  dye  pene- 
trauit  examination  as  being  true  Indications  of  some  type  of 
defect.  They  are  considered  In  detail  In  Section  VI.B.ll. 

It  should  be  pointed  out  that  these  Indications  were  found 
not  to  be  corrosion  induced,  but  rather  inclusions  *n  the 
stainless  steel  material. 

d.  Relief  Valves 

On  most  of  the  systems,  the  burst  disk  on 
the  relief  side  of  the  valve  was  found  to  be  ruptured,  Indic- 
ating that  these  valves  had  operated  during  some  high  pressure 
portion  of  the  pressurization  cycle.  This  was  a normal  occur- 
rence according  to  the  available  design  Information.  The 
valves  In  high  temperature  gas  lines  were  dlscolor»d  and 
oxidized  but  otherwise  undamaged.  There  was  no  evidence  of 
corrosion  attack  In  any  of  the  valves,  and  no  further  ai.aiysls 
was  performed  on  any  of  these  components. 

e.  Summary  of  Auxiliary  Component  Examination 

The  observations  on  these  auxiliary  compo- 
nents Indicated  that  all  possessed  very  good  corrosion 
resistance  for  the  storage  and  propellant  environments  Involved. 
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This  Is  due  at  least  partly  to  the  very  conservative  designs, 
off-the-shelf  hardware,  and  la»  strength,  but  very  good 
corrosion  resistant  stainless  steel  used  for  all  high  pressure 
components.  This  resulted  In  components  that  were  perhaps 
heavier  than  normally  expected  for  flight  systems,  but  of 
excellent  corrosion  resistance  for  long-term  storage  under 
corroding  conditions. 

f.  Tank  Shell-Expulsion  Device  Examination 

As  previously  indicated,  the  propellant 
storage  tanks  were  the  primary  object  of  examination  in  these 
systems.  Aftsr  examination  of  the  tsuik  shell  exteriors,  all 
tanks  were  sectioned  to  reveal  the  interior  condition,  taking 
care  to  section  in  locations  and  manners  that  would  preserve 
and  reveal  the  positive  expulsion  device  within  the  tank, 
either  rolling  diaphragm  or  surface  force  orientation  screen. 
Because  all  of  these  tanks  were  Identical  in  basic  construction, 
and  were  affected  by  common  conditions,  either  ersvlronment 
or  other  factors  In  the  systems,  they  are  not  dlacussed  below 
as  Individual  units  but  rather  in  groups,  emphaslr ! ng  their 
similarities  and  contrasts.  All  tanks  end  their  character- 
istics are  summarlred  In  Table  X. 

The  external  surface  arpearancc  of  the  tanks 
could  be  divided  into  two  categories.  The  tsnks  loaded  with 
N^O^,  Systems  7,  9,  and  lU,  shown  in  Figures  Po,  11  and  3?, 
had  an  etched  and  lightly  frosted  external  surface.  The  other 
tanks,  all  loaded  with  MHF-S  were  unattacked  on  their  exteriors. 
This  observation  correlates  well  with  hij  observations  on  indi- 
vidual tanks  evaluated  in  this  program,  sll  containing  oxidlrer, 
that  the  oxldlrer  storage  room  environment  was  at  times  quite 
corrosive  to  aluminum  components  when  leaking  or  CIF,^ 
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would  come  In  contact  with  the  85?^  humidity  air  and  hydrdllze 
to  produce  mclet  acid  fumes.  Systems  containing  fuel,  and 
stored  only  with  other  fuel  components,  would  not  be  exposed 
to  the  oxl.Uzer  environment  and  the  surfaces  therefore  remain 
clean  and  unattached.  Tensile  tests,  performed  to  determine 
whether  this  corrosion  had  any  effect  on  mechanical  properties, 
are  discussed  in  Section  VI. C. 3. 

The  propellant  wett<»d  surfaces  of  the  tanhs. 
Interior  of  the  rolling  diaphragm  or  shell  interior  of  the 
SP'O  units,  displayed  no  corrosion  or  corrosive  effects  from 
the  propellant.  Neither  the  nor  the  MHF-5  had  any  observ- 

able effect  on  the  interior  surfaces,  other  them  some  minor 
dulling. 


The  rolling  diaphragm  positive  expulsion 
devices  exhibited  a range  of  behavior  during  the  expulsion 
cycle.  The  tank  in  System  S/N  7,  shown  In  Figure  31,  traveled 
less  than  one-half  its  desired  expulsion  distance.  The  piston 
had  cocked  during  Its  travel,  Jramlng  on  the  center  post  and 
preventing  proper  travel.  This  problem  had  been  encountered 
by  the  manufacturer.  An  RTV  slllco.'ie  rubber  laiyer  was  cast 
between  the  shell  Innsr  surface  and  the  diaphragm.  Thla  RTV 
layer  was  designed  to  seal  that  space  and  prevent  presaurizlng 
gas  from  acting  around  thff  periphery  to  collapse  the  O.D.  of 
the  diaphragm  before  normal  expulsion  could  roll  the  diaphragm 
completely  down  from  the  gas  end  toward  the  liquid  end.  In 
Contrast  to  this  unit,  the  la.nk  In  System  S/N  Ti.  Figure  30, 
showed  excellent  expulsion,  the  most  uniform  and  complete 
diaphragm  movement  of  ell  systems  examined.  As  can  be  seen 
in  Figure  30,  Ihe  RTV  rubber  layer  remal.ned  adherent  to  the 
lower  half  of  the  diaphragm  even  after  sectioning  and  removal, 
and  must  have  contributed  substantially  to  proper  expulsion 
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by  preventing  any  premature  collapse  of  the  diaphragm  0.  D. 

Also  shown  in  Figure  30  is  tank  S/N  1,  where  the  collapse 
of  the  diaphragm  exterior  is  quite  visible,  causing  poor 
expulsion  and  eventual  tearing  of  the  diaphragm  to  shell  Joint. 
This  tearing  can  cause  undesirable  two-phase  flow  in  the 
propellant  outlet  line  as  the  positive  expulsion  device  fails. 
Other  systems  with  rolling  diaphragms  shown  in  Figures  29  and 
32,  had  reasonably  good  expulsion  behavior,  with  full  travel 
of  the  plstoh,  but  some  general  buck'’ Ing  of  the  diaphragm, 
which  reduces  the  expulsion  efficiency.  As  pointed  out  above, 
the  role  of  RTV  silicone  rubber  in  providing  a seal  of  the 
annulus,  wiv..  out  restraining  the  normal  travel  of  the  diaphragm, 
is  quite  lmporta.nt.  The  tearing  behavior  of  the  rubber  layer 
was  noted  to  be  quite  non-uniform  in  the  initial  examination 
of  the  tanks.  This  anlstropic  behavior  of  tne  RTV  was  con- 
sidered Important  and  therefore  the  material  was  subjected  to 
a detail  analysis,  which  Is  reported  In  Section  VI.B.IO.  No 
other  aspect  of  the  rolling  diaphragms  was  found  which  would 
warrant  additional  analysis. 

The  other  type  of  positive  expulsion  device 
was  the  Surface  Force  Orientation  Screen,  a fine  mesh,  aluminum 
screen  placed  at  the  outlet  end  of  the  tank  to  prevent  gas 
bubbles  from  passing  Into  the  outlet  line,  and  thereby  prevent 
undesirable  two-phase  flow.  At  the  time  of  tank  design  tuid 
fabrication,  IO66/1967,  screens  were  not  readily  available 
with  sufficiently  fine  mesh  to  Insure  positive  expulsion  In 
a negative  gravity  field,  so  all  expulsion  testing  wr\s  performed 
with  the  screen  end  down.  The  six  screen  units  are  shown  with 
their  respective  tanks  In  Figures  33,  34  and  3S.  Their  appear- 
ance and  behavior  were  closely  related  to  the  pressurizing  sub- 
system used  on  the  tank.  All  of  the  scieens  were  In  MHF-3 
fuel  propellant,  amd  there  was  no  evidence  of  any  corrosion  or 


anomalies  from  the  propellant  storage.  The  screens  in  tanks 
pressurized  with  cold,  stored  gas,  S/N  15  and  l8  In  Figure 
33,  were  in  reasonably  good  shape  after  expulsion,  with  the 
exception  that  the  screen  in  S/N  15  was  partially  torn, 
starting  along  the  circumference  where  it  Is  resistance  seam 
welded  to  the  supporting  "waffle  plate".  The  screens  In 
tanks  pressurized  with  hot,  decomposed  hydrazine,  SA  19  and 
23  shown  in  Figure  3**,  are  clean  and  only  slightly  bulged, 
but  are  separated  from  the  teuik.  The  screen  in  SA  19  la 
torn  loose  around  Its  entire  circumference  at  the  resistance 
seam  weld,  while  In  SA  23  the  screen  plus  backup  ring  are 
loose  because  of  failure  of  the  electron  beam  weld  Joining 
them  to  the  tank  dome.  The  screens  In  tanks  pressurized  with 
solid  propellant,  SA  17  and  22,  shown  in  Figure  35,  were 
badly  discolored,  torn  on  the  screen  face  and  around  the  peri- 
phery. Deposits  and  residues  from  the  solid  propellant  firing 
covered  most  of  the  screen  In  SA  17,  Indicating  that  it  must 
have  been  uncovered  (all  of  the  fuel  expelled)  before  the 
solid  propellant  firing  was  completed.  The  screen  In  SA  22 
shows  only  a small  amount  of  residue,  and  must  not  have  been 
uncovered  for  long.  It  would  appear  In  .^viewing  the  condition 
of  these  screen  units,  that  there  were  moments  of  significant 
back  pressure  on  the  screen,  probably  when  the  pressurizing 
gas  was  interrupted.  If  this  were  to  occur  In  a flight  system, 
and  positive  expulsion  needed  again  later  In  the  mission,  the 
usefulness  of  the  screen  would  be  destroyed.  Either  these 
screens  must  be  raechiuilcally  supported  for  pressure  differentials 
In  both  directions,  or  some  system  device  should  be  available 
to  prevent  any  "back  pressure".  The  screen.”  from  the  solid 
propellant  units  17  and  22  were  badly  distorted  and  no  longer 
useful.  The  other  four  screens  were  still  in  reasonable 
shape,  and  therefore,  bubble  point  measurements  could  be  made, 
although  not  on  the  entire.  Intact  screen.  The  results  of  this 
more  detailed  analysis  of  the  screens  are  presented  In  .Section 
VI.A.U. 
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The  varying  degree  of  "harshness"  of  the 
pressurizing  gas  sources  Is  evident  In  the  examination  of 
these  screened  tanks,  with  the  cold,  stored  gas  causing  no 
discoloration  of  the  tank  Interior  and  only  minimal  damage 
of  the  screen.  The  hot,  decomposed  hydrazine  produced  a 
slight  discoloration  of  the  tank  shell  Interior,  and  moderate 
damage  of  the  screen.  The  solid  propellant  gas  generator 
produced  extensive  discoloration  and  blackening  of  the 
Interior  and  serious  damage  of  the  screen.  In  the  case  of 
the  screened  tanks,  these  varying  gas  types  acted  directly 
on  the  shell  wall,  once  most  of  the  propellant  had  been 
expelled.  This  could  have  had  an  effect  on  the  shell  material, 
and  therefore  tensile  tests  were  performed  on  three  tank 
shells  representing  each  of  these  conditions.  The  results 
of  this  detailed  examination  are  presented  In  Section  VI. C. 3. 

In  the  rolling  diaphragm  tanks,  the  layer 
of  RTV  silicone  rubber  Isolates  and  Insulates  the  tank  shell 
from  the  pressurizing  gas.  Thus,  although  the  RTV  was  blackened 
and  discolored  by  the  solid  propellant  gas,  It  was  satis- 
factorily protecting  the  shell.  The  layer  of  RTV  In  tanks 
fired  with  decomposed  hydrazine  w.is  loosened  and  more  readily 
fell  away  from  the  shell  wall  {tank  S/N  h and  f-  In  Figures  30 
and  31),  but  still  prevented  the  formation  of  a dl-scolored 
surface  on  the  tank  wall. 

Although  there  wore  some  problems  and 
deficiencies  In  these  tanks  from  a standpoint  of  positive 
expulsion  behavior,  most  of  these  are  related  to  the  auxiliary 
components  and  their  behavior  In  the  system.  It  should  be 
emphasized  that  from  a slandpol.nt  of  long-term  propellant 
storablllty  and  compatibility,  these  propellant  storage  tanks 
performed  excellently,  with  no  evidence  of  any  corrosion 
degradation  or  other  anomalies. 
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4.  Bubble  Point  Determination  on 

Surface  Force  Orientation  Screens 


As  was  discussed  in  the  preceding  subsection, 
four  of  the  six  prepackaged  system  tanks  had  surface  force 
orientation  screens  which  were  still  sufficiently  clesui  and 
undistorted  to  allow  a meaningful  measurement  of  bubble  point. 
However,  even  these  four  units  were  partially  or  completely 
torn  from  the  waffle  backup  plate,  so  that  it  was  not  possible 
to  measure  bubble  point  on  the  entire  screen  assembly.  Four 
one-inch  diameter  samples  were  therefore  punched  from  each 
of  these  four  tanks  and  bubble  point  measured  on  these 
individual  specimens. 

The  samples  were  taken  on  a raid-radius  circum- 
ference of  the  screen  at  90’  increments.  Four  determinations 
were  made  on  each  sample,  according  to  the  procedures  outlined 
in  the  specification  j\RF901  "Bubble  Point  Test  Methods".  The 
results  are  recorded  in  Table  XI.  A significant  Increase 
(to  140-190  micron)  from  the  reported  value  of  100  for  the 
as-fabricated  screens  occurred  as  a result  of  the  expulsion 
cycle  performed  on  these  units.  Apparently  the  expulsion 
force  was  sufficient  to  distort  the  screen  weave  and  Increase 
the  micron  rating.  There  was  no  difference  In  final  bubble 
point  rating  between  screens  in  the  cold  gas  pressurized  tanks 
(S/N  19  and  ifi)  versus  the  hot  hydrazine  tanks  (S,^  19  and 
?3).  Since  the  overall  change  is  not  large,  it  is  probable 
that  it  is  merely  the  distortion  occurring  in  rapid  expulsion, 
and  especially  the  back  pressure  distortion,  which  caused 
this  cheuige.  Compared  to  the  mechanical  damage  and  complete 
separation  of  the  screens  which  generally  oco\>rred  (discussed 
in  (3)  above),  this  change  in  bubble  point  rating  would  not 
be  significant. 
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B.  ;ffiTALLBB.GICAL  ANALYSIS  OF  FAILURES  AND  ANOMALIES 


I . GENERAL 


The  specific  anomalies  selecte(3  for  detailed 
and  confirmatory  analyses  were  based  on  the  initial  visual 
examinations  performed  on  all  tanks  and  described  in 
Section  VI, A.  A number  of  detailed  analyses  of  the  second 
group  of  tanks  submitted  to  BAC  were  pre-selected  by  the 
AIRPL  Program  Management  Office. 

A total  of  9 detailed  and  l4  confirmatory 
analyses  were  required  and  are  presented  in  this  section 
in  their  entirety.  Seven  detailed  analyses,  in  which 
corrosion  was  a factor,  were  performed.  Three  selected 
studies  were  also  performed  to  supplement  the  detail 
analyses  and  thus  satisfy  contractual  requirements.  An 
analysis  matrix  defining  the  overall  program  is  presented 
lii  Table  XII. 


2.  INLHP  TUBE  WEID  FAILURES  OR  CORROSION 

a.  Detail  Analysis  of  Corrosion  and  Leakage  Occurring 
on  Inlet  Tube  Weld  (4o43  Filler  Alloy)  of  2021-T6 
Aluminum  Alloy  Martin  lO-Oallon  Tank  S/W  005  Used 
for  CIF^  Propellant  Storage 

(1)  Test  History 

As  was  previously  described  in  Section  VI. A. 2, 
five  10-gallon  storage  tanks  fabricated  of  2021-T6  aluminum 
alloy  were  exposed  to  a CIF^  propellant  environment  for  a 
period  of  two  (2)  years.  No  corrosion  or  degradation  of 
the  tank  shells  proper  occurred.  The  inlet  tubes  of  all 
five  vessels  were  corroded  in  one  of  the  welds  Joining  the 
manifold  tube  to  the  bolt-on-flange  or  valve,  and  either 
slacked  or  broken  off,  with  subsequent  leakage  occurring  at 
this  point.  Tubing  from  tank  S/N  005  was  selected  for  an 
in-depth  analysis  and  verification  studies  subsequently  made 
on  tubing  welds  from  tanks  S/N  001  (2021-T6),  S/N  003, 
(2021-T6),  No.  2 (2014)  and  No.  4 (S/N  003)  (7039).  Overall 
views  of  these  leaks  and  corrosion  are  shown  in  Figures  22, 

23  and  24. 


(2)  Observations 

Welds  in  the  6o6l  aluminum  alloy  tubing  were 
made  manually  by  the  Heliarc  process  using  4o43  filler  wire. 
The  area  of  corrosive  damage  was  confined  to  the  4o43  weld 
alloy,  with  no  corrosion  of  the  606l  tube  alloy  noted. 
Corrosion  was  observed  in  the  center  of  the  upper  weld. 
Joining  the  extension  tube  to  the  valve  assembly  tube.  The 
white,  fluffy  appearing  corrosion  product  can  be  seen  in  the 
photomacrograph  of  view  (a)  in  Figure  45,  which  shows  the 
external  surface  of  the  manifo'  tube  weld  Joint. 
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The  inside  surface,  which  was  apparently  reamed  out  to 
remove  the  weld  bead  root,  is  shown  in  view  (b).  Figure  45. 
Note  the  absence  of  corrosion  products,  indicating  that 
corrosion  was  initiated  on  the  external  surface,  with 
incipient  penetration  occurring. 

A cross  section  of  the  leak  area,  showing 
the  interdendritic  path  of  corrosion,  and  a number  of 
large  welding  pores,  is  shown  in  Figure  46. 

(3)  Metallurgical  Analysis 

The  corrosion  observed  on  the  subject  weld 
joint  was  believed  to  be  the  result  of  atmospheric  conditions 
existing  in  the  storage  hut.  Propellant  vapors  emanating 
from  leaks  developed  in  this  or  other  systems  react  with 
moisture  to  produce  dilute  acid  vapors.  These  vapors  then 
act  as  the  corrosion  agent,  causing  the  general  surface 
corrosion  of  bare  aluminum  containers.  The  dilute  acid 
formed  by  this  hydrolysis,  probably  KP,  is  very  corrosive 
towards  aluminum  alloys,  particularly  the  4o43  weld  wire 
composition.  This  alloy  is  known  to  corrode  20  to  30  times 
faster  in  an  acid  environment  than  the  adjacent  parent  metal. 

Only  one  localized  area  of  corrosion  was 
observed  on  the  external  surface  of  the  subject  weld  joint. 
This  corrosion  proceeded  Inward  through  the  interdendritic 
boundaries  until  penetration  and  le.ikage  occurred.  This 
weld  also  contained  a localized  cold  shut  region  on  the  I.D. 
surface,  approximately  0.010  inch  deep,  which  can  be  seen  in 
the  photomacrographs  of  Figure  45.  The  weld  Itself  therefore 
becomes  suspect  as  a source  of  initial  propellant  vapor 
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leakage,  due  to  crevice  or  stress  corrosion  occurring  over 
the  two-year  storage  period.  Combined  with  the  inter- 
dendritic  corrosion  network,  the  potential  for  leakage  is 
thus  greatly  increased. 

Only  localized  superficial  pitting  and 
blackening  of  the  other  manifold  tubing  welds  were  noted. 

b . Four  Confirmatory  Analyses 

The  examination  of  all  tanks  yielded  four  similar 
tube  weld  anomalies  which  are  discussed  in  this  section. 

Failure  of  manifold  tube  weld  Joints  at  the  flange 
end  of  Tanks  S/N  001  and  003  had  also  occurred  during  the 
two-year  storage  of  this  group  of  tanks.  The  appearance  of 
these  corroded  welds  was  identical  to  that  of  Tank  S/N  005. 

Photomacrographs  of  each  weld  are  shown  in  Figures 
47  and  48.  The  tube  interiors  were  reamed  out,  apparently 
to  remove  excess  weld  metal  drop-thru.  A white,  voluminous 
corrosion  product  is  common  to  all  the  tube  weld  leaks 
examined.  This  corrosion  product  has  been  identified  as  a 
hydrated  aluminum  hydroxy  fluoride.  This  reaction  product 
is  formed  when  dilute  HF  acid  comes  in  contact  with  aluminum. 
The  dilute  acid  was  probably  formed  by  the  hydrolysis  of 
leaking  ClPj.  vapors.  Corrosion  in  all  cases  was  initiated 
on  the  external  surfaces. 

Photomicrographs  of  sections  out  through  the 
corroded  weld  area  are  presented  in  Figures  47  and  48  with 
their  respective  surface  views.  The  mechanism  of  corrosion 
and  mode  of  failure  are  identical  to  those  noted  for  the 
Tank  S/N  003  tube  weld. 
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In  addition  to  the  foregoing  tanks,  two  tanks 
from  the  second  group  of  storage  vessels  received  for 
analysis  contained  similar  appearing  corroded  tube  welds. 
These  two  tanks  had  also  been  filled  with  CIF^  propellant 
and  had  remained  In  storage  for  a period  of  six  years. 

Tank  No.  2,  a 15-gallon  tank  fabricated  of  2014  aluminum 
alloy,  had  developed  severe  corrosion  of  the  tube  to  tube 
weld  at  the  flange  end  of  the  vessel.  Abrasion  and 
cracking  of  the  bottom,  outlet  tube  weld  on  Tank  No.  4 
(S/N  003),  a 10-gallon  container  fabricated  of  7039  alumi- 
num alloy,  was  also  examined.  Although  no  corrosion  product 
was  observed  on  the  external  surface,  the  abrasion  probably 
having  removed  It,  subsequent  sectioning  and  examination 
disclosed  the  similarity  between  this  tube  weld  leak  and 
those  discussed  previously. 

As  with  other  tube  leaks  of  this  type,  surface 
attack  and  eventual  perforation  of  the  4043  weld  metal  was 
believed  due  to  the  hydrolysis  of  leaking  propellant  vapors. 
There  Is  strong  evidence  to  suggest  that  the  possible  source 
of  the  propellant  vapors  was  the  affected  containment  vessel, 
with  leakage  occurring  through  a network  of  fine  microcracks 
produced  during  welding  of  the  tube.  Multiple  passes  at  the 
start-stop  area  produced  a heavy,  uneven  drop-thru,  with  a 
centerline  fold  or  crevice,  voids  and  porosity.  These 
conditions  are  shown  in  the  photomacrographs  of  Figure  49 
and  the  cross  section  view  of  Figure  50-  A similar  condition 
for  the  bottom  outlet  weld  from  No.  4 (S/N  003)  is  shown  In 
Figure  51.  This  weld  was  apparently  reamed  out.  Indicating 
that  the  original  weld  drop-thru  may  have  been  excessive. 


51 


The  local  nature  of  the  observed  corrosion, 
which  was  concentrated  on  or.j  side  of  the  weld  joint, 
usually  at  the  start-stop  av'?a,  further  Indicates  that 
vapor  leakage  may  well  have  originated  within  the  subject 
tube.  Very  heavy  weld  drop- thru  In  this  area  could  have 
resulted  In  the  formation  of  mlcrocracks,  which  combined 
with  a crevlce-llke  fold  In  the  weld  root  would  eventually 
lead  to  the  postulated  vapor  leakage.  For  this  series  of 
events  to  occur,  a certain  amount  of  crevice  corrosion  by 
the  ClPg  propellant  would  be  necessary.  Since  the  4o43 
weld  alloy  Is  known  to  be  far  less  corrosion  resistant 
than  wrought  aluminum  alloys,  penetration  of  CIP^  vapors 
through  a partially  formed  leak  network,  over  a period 
of  several  years.  Is  within  the  realm  of  possibility. 
Another  possibility  Is  the  rapid  corrosion  and  volatili- 
zation of  any  tungsten  Inclusions  picked  up  In  the  weld 
from  the  electrode.  The  Irregular,  manual  weld,  with 
excessive  drop-thru  could  easily  be  expected  to  contain 
occasional  tungsten  particles,  which  would  be  rapidly 
attacked  by  the  fluorine  compound.  The  subsequent,  reverse 
corrosion  process  propagating  from  the  external  surface, 
Induced  by  HF  acid  formed  by  hydrolysis  of  the  leaking 
vapors,  then  occurs  In  a relatively  short  time.  The  entire 
chain  of  events  therefore  becomes  dependent  on  the  overall 
soundness  and  Integrity  of  the  weld  joint. 
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3.  INLET  FLANGE  TUBE  LEAKAGE  BY  CORROSION 

a.  Detail  Analysis  of  Corrosion  and  Leakage  Occurring 
on  Inlet  Tube  Weld  (4o43  Filler  Alloy)  of  a 2024 
Aluminum  Alloy  15-Gallon  Tank  No.  1 (S/N  9) 
Fabricated  by  the  Martin  Company  for  C1F_ 

Propellant  Storage  ^ 

(1)  Test  History 

A fifteen  gallon  capacity  cylindrical  container 
fabricated  of  2024  aluminum  alloy  and  designated  as  Tank  No.  1 
(S;^  9)>  was  used  for  the  storage  of  CIF^  propellant  for  a 
period  of  six  years.  No  corrosion  or  degradation  of  the  tank 
shell  proper  occurred  and  no  leakage  of  the  cylinder  was 
reported.  The  flange  and  flange  tube  end,  which  are  at  the 
top  during  storage,  contained  areas  where  the  paint  film  had 
been  perforated  and  metal  corrosion  initiated.  One  area  of 
the  flange  tube  weld  was  severely  corroded  on  the  external 
surface  and  had  reportedly  developed  a leak.  Overall  views 
of  this  corrosion  are  shown  in  Figure  36.  This  anomaly  was 
selected  for  a detailed  analysis. 

(2)  Observations 

As  with  all  test  containers  in  this  program, 
the  manifold  tubing  was  fabricated  of  606l  aluminum  alloy. 
Welds  were  made  manually  by  the  Heliarc  process,  using  4043 
filler  wire.  Detailed  fabrication  and  heat  treat  procedures 
are  described  in  Table  VITl  of  Section  V. 

Considerable  corrosion  was  ui.'.'iorvej  on  one 
segment  of  the  flange  tube  weld,  as  shown  in  the  photomacro- 
graph of  Figure  52.  A heavy,  uneven  drop-thru  of  the  weld 
bead  was  noted.  Figure  53  indicates  that  corrosion  was 
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externally  originated.  Spectrographic  analysis  of  the  weld 
deposit  and  the  adjacent  tube  material  verified  the  alloys 
as  4o43  and  606l  repsectively.  X-ray  diffraction  analysis 
of  the  corrosion  product  associated  with  the  weld  leak  was 
also  performed.  The  compound  was  identified  as  a hydrated 
aluminum  fluoride. 

Cross  sections  of  the  leak  area,  illustrating 
the  Intergranular  path  of  corrosion,  are  shown  in  Figure  53- 
Localized  corrosion  of  the  606l  aluminum  alloy  tube,  on  the 
interior  surface,  is  shown  in  Figure  54.  This  is  believed 
to  be  a secondary  effect  occurring  after  weld  perforation. 

The  generally  porous  nature  of  the  heavy  weld  root  drop-thru 
and  associated  microcracks  are  displayed  in  Figure  55. 

(3)  Metallurgical  Analysis 

All  indications  and  observations  made  on  the 
subject  failure  suggest  that  the  external  environment 
initiated  the  observed  weld  bead  and  tube  metal  corrosion, 
with  the  weld  bead  displaying  far  greater  susceptibility. 
Localized  attack  was  also  noted  on  the  I.D.  tube  surface, 
with  edge-of-weld  penetration  apparently  linking  up  with  the 
more  pronounced  external  corrosion  and  causing  leakage  of 
the  tube.  In  view  of  the  cleanliness  of  the  internal  surface 
of  the  ?0?4  aluminum  alloy.  It  Is  doubtful  that  corrosion 
of  the  Internal  6o6i  alloy  tube  surface  was  caused  by  propel- 
lant alone.  Rather  It  Is  more  probable  that  the  externally 
Induced  corrosion  created  a path  inward  through  the  tube  weld, 
allowing  moisture  vapor  to  enter  and  react  with  the  propellant 
vapors  within  the  tube,  producing  highly  corrosive,  dilute 
hydrofluoric  acid,  which  then  attacked  the  tube  I.D.  surface. 
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The  appearance  and  mechanism  of  corrosion 
were  Identical  to  those  observed  on  similar  welds  In  other 
tanks  examined.  The  corrosion  product.  Identified  as  a 
hydrated  aluminum  fluoride  compound,  was  located  on  the 
external  surface  of  the  tube  weld.  No  significant  corrosion 
was  observed  on  the  I.D.  tube  surface.  Reaction  of  the 
external,  atmospheric  environment  with  the  tube  weld  surface 
Is  the  most  probable  cause  of  the  observed  corrosion. 
Propellant  vapors  escaping  Into  the  atmosphere  can  be 
converted  to  dilute  acids  by  hydrolysis.  The  source  of  these 
vapors  iB  generally  a nearby  leaking  container,  tube  or 
valve.  However,  It  is  also  possible  that  these  vapors  may 
have  emanated  from  the  subject  vessel,  escaping  from  the 
Inlet  tube  through  a fine  network  of  microcracks  and  poro- 
sity produced  during  welding  of  the  flange  tube.  The 
extremely  heavy  weld  deposit,  presence  of  shrinkage  cracks 
In  the  weld  and  leak  path  geometry  shown  In  Figure  54  tend 
to  substantiate  this  possibility.  Regardless  of  the  actual 
source  of  these  vapors,  the  dilute  acids  formed  by  the 
hydrolysis  reaction,  usually  HF  or  HCl,  are  very  corrosive 
with  respec*-  to  aluminum  resulting  In  the  severe  pitting 
observed  on  tare,  unprotected  aluminum  storage  vessels, 
particularly  those  fabricated  of  the  POOO  series  aluminum 
alloys. 


Pitting  corrosion  of  the  type  observed  on 
these  vessels  is  typical  for  heat  treatable  aluminum  alloys. 
It  Is  produced  by  a penetration  of  the  naturally  protective, 
passive  oxide  barrier,  by  halogen  Ions  present  In  the 
corrosive  medium.  This  breakdown  exposes  fresh  aluminum 
surfaces  to  a concentration  cell  action  and  subsequent, 
localized  pitting  attack. 
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4. 


FLANGE  TRANSITION  TUBE  TO  PITTING  FAILURE 


a.  Detail  analysis  of  corrosion  and  rupture  of  flange 
transition  tube  to  RPL  fitting  tube  weld  (4o43 
filler  alloy)  on  a 7039  aluminum  alloy  10-gallon 
cylindrical  Tank  No.  4 (S/N  003)  fabricated  by  the 
Martin  Company 


(1)  Test  History 


A ten  gallon  capacity  cylindrical  container, 
fabricated  of  7039  aluminum  alloy  material  by  the  Martin 
Company  and  designated  as  Tank  No.  4 (S/N  003),  was  used 
for  the  storage  of  CIF,.  propellant  for  a period  of  approxl- 
mately  six  months.  No  corrosion  or  degradation  of  the  tank 
shell  proper  occurred  and  no  leakage  of  the  cylinder  was 
reported. 


Fracture  through  the  first  tube  to  tube  weld 
Joint  at  the  flange  end,  which  is  at  the  top  of  the  tank 
during  storage,  had  occurred.  Only  the  transition  section 
of  tubing,  which  was  welded  directly  to  the  flange  remained. 
The  longer  portion  extending  from  the  RPL  fitting  was  missing. 
Severe  corrosion  of  this  fractured  weld  was  noted.  Analysis 
of  the  corrosion  mechanism  and  subsequent  related  fracture 
constitute  the  main  portion  of  this  detailed  analy.sls. 

All  manifold  systems  attached  to  these  stor- 
age vessels  were  made  of  ('001  aluminum  alloy  tubing  welded 
with  4043  weld  wire,  using  the  manual  Hellarc  process. 

A majority  of  leaks  developed  during  - torage  have  been  traced 
to  the  tubing  welds.  The  pattern  of  leakage  observed  and  the 
appearance  of  corroded  welds  disclosed  a marked  similarity, 
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regardless  of  their  location  in  the  manifold  system. 

Therefore  several  other  pressure  vessels  used  to  store  CIF^ 
propellant,  containing  tube  welds  which  displayed  varying 
degrees  of  corrosion  and  one  Identical  weld  corrosion 
failure,  were  selected  for  confirmatory  analyses.  These 
are  also  discussed  below. 

(2)  Observations 

Detailed  fabrication  and  heat  treat  procedures 
for  the  subject  storage  vessel  are  presented  In  Table  VIII 
and  an  overall  view  of  tube  and  tank  Is  shown  In  Figure  38- 
The  corroded  area  of  Interest,  shown  In  the  photomacrograph 
of  Figure  56,  is  the  tube  weld  connecting  the  bare  Inlet 
tube  extension  to  the  short,  transition  tube  segment  welded 
to  the  flange.  This  short  section  is  painted  blue,  .hevere 
corrosion  of  this  weld  Is  apparent  In  the  photomacrographs 
of  Figure  5^.  Corrosion  product  deposits  can  be  seen  In  the 
higher  magnification  view  of  Figure  “jf.  Initiating  on  the 

0.  D.  surface  of  the  tube.  Corrosion  and  subseqvient  tube 
fracture  occurred  through  the  weld  metal  depo-stt,  with  no 
edge-of-weld  or  heat  affected  cone  corrosion  o;;currlng.  The 
fracture  path  Is  clearly  Illustrated  In  Figure  h?.  Porosity 
and  mlcro-cracKlng  In  th<*  weld  deposit  arc  also  apparent. 

(3)  Metallurgical  Analysis 

Corrosion  of  the  sub.lecl  tube  weld  originated 
on  the  external  surface  and  was  confined  primarily  to  the 
weld  metal,  with  only  minor  pitting  oocurrlng  on  the 
aluminum  alloy  tube  surface.  No  corrosion  was  noted  on  the 

1. D.  surfaces.  The  atmospheric  environment  existing  in  the 
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storage  building  contains  sufficient  moisture  to  hydrollze 
escaping  propellant  vapors,  producing  dilute  acids  which 
deposited  on  the  tube  weld  O.D.  surface,  inltltating  the 
observed  corrosion.  The  mechanism  of  corrosion  and 
physical  appearance  of  tne  corrosion  product  are  Identical 
to  those  observed  on  the  majority  of  tube  weld  failures 
Investigated  In  this  program.  Again,  the  source  of  propel- 
lant vapors  entering  the  hydrolysis  reaction  Is  not  precisely 
Known.  They  may  be  emanatins:  from  nearby  leaking  vessels  or 
hardware,  or  they  may  be  leaking  through  a fine  network  of 
welding  microcracks  within  the  failed  tube.  In  either  case, 
subsequent  hydrolysis  then  produces  dilute  acids  which 
deposit  back  on  the  surface,  resulting  In  corrosion  which 
proceeds  Inward  through  dendrite  boundaries  and  through 
already  present  mlcrocracks,  widening  them  In  the  process. 

The  weakening  effect  of  this  Interdendrltlc 
corrosion  combined  with  weld  micro-cracking  resulted  In 
greatly  reduced  resistance  to  bending  stresses.  Subsequent 
failure  through  the  weld  Joint  was  brittle  In  nature  and 
easily  related  to  the  prior  history  of  this  tube  weld. 

b.  Four  Confirmatory  Analyses 

Two  Identical  cases  of  severe  tube  weld  corrosion 
combined  with  fracturing  of  the  lube  through  the  weld  were 
observed  on  Tanks  001  and  .h./N  OOtt,  both  of  which  are 
10-gallon  Martin  tanks  fabricated  of  ?0?l-Tf  aluminum  alloy 
and  used  for  the  f-month  storage  of  CIF^  propellant.  The 
SA>  001  tube  failure  dlf.cus.slon  wa.":  Included  In  Section 
VI.I*.?  as  confirmation  of  a detailed  analysis  of  the  tube 
weld  corrosion  observed  In  ?0?1-Tfi  alloy  tank  S/H  OO5. 


Photomacrographs  of  the  S/N  004  tube  weld  joint 
area  of  interest  are  shown  in  Figure  58.  Note  the  severe 
corrosion  concentrated  on  one  side  of  the  tube  weld  and 
the  corresponding  reduction  of  wall  thickness  at  this  point. 
Ultimate  fracture  propagated  through  the  weld  joint.  A 
cross  section  view  of  the  corroded  area  presented  in  Figure 
59>  demonstrates  Interdendritic  attack  similar  to  th^,. 
observe’  in  the  Tank  No.  4 (S/N  003)  tube  weld.  Corrosion 
in  both  cases  was  externally  Initiated. 

Additional  welds  selected  for  confirmatory 
analyses  Include  the  flange  to  tube  welds  from  the  above 
S/N  004  storage  system  and  from  a 15-gallon  cylindrical 
Tank  No.  P,  a 2014  aluminum  alloy  vessel  received  with  the 
second  shipment  of  corroded  storage  tanks.  These  welds 
displayed  considerable  surface  attack,  although  not  as 
severe  as  noted  for  the  tube  to  tube  weld  failures  described 
above.  Corrosion  was  more  pronounced  on  the  No.  2 tank, 
which  had  been  it)  storage  for  six  months  as  compared  to  four 
months  for  the  S/N  004  tank.  Tticse  flange  to  tube  welds  are 
also  made  with  the  4043  weld  alloy  and  thus  provide  additional 
confirm-ation  that  the  same  corrosion  mechanism,  which  is 
dependent  on  the  corrosion  behavior  of  thl.s  al’oy,  is  oper- 
ative throughout  these  manifold  .systems.  In  effect,  the 
manifold  tube  welds  become  the  Umit’rig  factor  in  long  term 
storage  of  the  aluminum  tanks.  Pholcusacrographs  of  these 
tw;  welds  are  present-^d  in  Figures  rO  and  hi.  Cross  section 
views  in  Figures  tl  a.nl  1 ' indicate  that  corrosion  was 
externally  initiate'!,  by  the  fiurroundihg  atmospheric  environ- 
ment. No  corroslof',  was  cli,s?rve.i  on  the  internal  .surfaces. 
Although  the  degree  of  Corrosion  noted  on  these  two  welds 
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was  relatively  slight.  It  was  sufficient  to  establish  the 
direction  of  corrosion  and  to  verify  the  corrosion 
mechanism  Involved  In  these  manifold  system  tube  welds. 

Additional  evidence  to  establish  the  corrosion 
mechanism  and  eventual  failure  mode  is  provided  by  the 
bottom,  outlet  tube  weld  from  Tank  No.  5 (SA  001),  a 
10-gallon,  7039  aluminum  alloy  vessel  exposed  to  CIF^  for 
six  racntha.  This  weld,  representing  a more  advanced  stage 
of  localized  external  corrosion  attack.  Is  shown  in  the 
photomacrograph  of  Figure  62.  The  section  view  In  Figure 
62  shows  the  same  interdendrltlc  attacK  of  the  40^3  weld 
alloy  observed  on  practically  all  manifold  tube  welds 
examined . 
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5. 


INTERNAL  SURFACE  PITTING 


a.  Corrosion  observed  on  2024  Alclad  aluminum  solid 
state  bonded  tank  fabricated  by  the  Martin  Company 

(1)  Test  History 

An  experimental,  solid  state  bonded  aluminum 
tank  produced  by  the  Martin  Marietta  Company  was  metal- 
lueglcally  evaluated  after  five  (5)  years  storage  with 
(brown)  NgO^j^  propellant  (MIL-P-26539  Specification).  The 
tank  had  experienced  no  leakage  or  failure  but  did  show 
general  corrosion  on  the  exterior  and  some  severe  pitting 
on  the  interior  surface.  The  interior  pitting  is  considered 
in  detail  in  this  section,  while  the  exterior  corrosion  was 
studied  with  other  tanks  showing  similar  effects  in  Section 
VI.  B.  7. 


Two  other  containers,  also  used  for  the 
storage  of  brown  propellant  displayed  similar  Internal 

pitting  and  corrosion  effects.  These  units,  both  fabricated 
of  the  2Cl4  aluminum  alloy,  were  selected  for  confirmatory 
analyses.  One  unit  was  a 15-gallon  capacity  roum'i  tank 
fabricated  by  the  General  Dynamics-Convair  Company.  The 
other  was  a small  3"  x 6”  container  whose  manufacturer,  one 
of  four  aerospace  companies,  could  not  b?  det''rnined. 

■'2)  Observations 

Ihe  interior  of  the  solid  state  bonded  tank 
v;as  etched  ard  dlscolorea.  The  bottom  pole  (opposite 
inlet/outlet  port)  showed  many  pits  of  a generally  semi- 
spherical  shape  There  were  a few  of  these  spherical  pits 
on  the  "nper  surfaces  and  other  more  shallow  pits  scattered 
arour 1 the  entire  interior.  In  addition  one  streak  of  a 
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brownish  film  was  found  on  the  inner  lap  surface  of  the 
solid  state  bonded  joint.  These  effects  are  shown  in 
Figure  39. 

The  inner  surface  of  the  weld  attaching  the 
inlet  port  to  the  shell  contained  a small  crack.  However, 
since  this  crack  occurred  at  an  apparent  interruption  in 
the  manual  welding  of  the  port  and  with  no  evidence  of 
corrosion  associated  with  the  crack,  the  crack  can  be 
categorized  as  a welding  crack  and  ignored  for  this 
Investigation. 

Hardness  and  tensile  tests  of  this  tank 
verified  that  it  was  in  an  annealed  condition. 

The  severe  pitting  of  the  internal  surface 
is  shown  in  Figure  63.  The  pits  were  deep  and  roughly 
spherical,  with  cracking  or  micro  fissures  around  and  in 
the  pits.  A cross  section  of  one  of  the  pits  is  shown  in 
Figure  63.  It  can  be  seen  that  attack  was  progressing  by 
selective  corrosion  of  grain  boundaries,  which  lead  to  the 
complete  removal  of  grains  to  form  the  pit.  The  enlarge- 
ment cf  the  pit  occurred  by  continual  corroding  of  the  grain 
boundaries  and  release  of  individual  grains. 

The  mlcrostructure  of  the  Alclad  shell  in  Figure 
63  shows  that  the  cladding  contains  enlarged  grain 
boundaries  with  a second  phase,  the  copper  alumlnlde  phase, 
concentrated  in  the  boundaries.  This  had  occurred  because 
of  significant  diffusion  time  at  elevated  temperature 
(probably  during  the  anneal  of  the  shell  halves  or  finished 
tank),  which  allowed  copper  to  diffuse  from  the  core  alloy 
into  the  cladding.  The  grain  boundaries  of  the  cladding 
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provided  the  easiest  path  for  the  alloy  element  copper  to 
follow,  so  it  is  in  these  grain  boundaries  that  the  copper 
concentrates . 


The  presence  of  this  copper  prevents  forma- 
tion of  a uniform,  protective  oxide  film  over  the  grain 
boundaries  and  also  promotes  electro-chemical  attack  due  to 
potential  differences  between  the  aluminum  grain  interior 
and  the  CuAl^  grain  boundary  film. 

One  additional  corrosion  effect  was  noted  on 
the  interior  surface  of  this  tank.  There  was  a brownish  or 
rust  colored  stain  exte.nding  a short  distance  on  the  inner 
surface  of  the  solid  state  bond  overlap,  (visible  in 
Figure  39»  Section  VI).  This  stain  had  no  appreciable  thick- 
ness and  did  not  cover  any  abnormal  corrosion  on  the  aluminum 
surface.  X-ray  diffraction  scans  of  the  surface  with  the 
stain  produced  no  detectable  peaks  other  than  the  aluminum 
substrate,  nor  was  it  possible  to  scrape  off  any  of  the 
discoloration  to  perform  a powder  pattern  X-ray  diffraction 
analysis. 


It  is  believed  that  this  stain  may  represent 
residue  from  a striker  or  backing  plate  used  in  the  solid 
state  explosive  '•'ondlng  process  which  would  have  been 
mechanically  or  chemically  removed  after  bonding.  The  steel 
strip  was  probably  etched  away  with  minor  adhering  residue 
producing  the  observed  stain.  This  stain  was  not  detri- 
mental to  the  tank. 
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(3)  Metallurgical  Analysis 


This  tank  was  fabricated  from  Alclad  2024 
sheet  which  should  have  provided  it  with  excellent  corro- 
sion protection.  However,  the  protection  of  the  pure 
aluminum  cladding  was  largely  lost  through  diffusion  of  the 
copper  alloying  element  from  the  core  into  the  cladding  at 
some  stage  in  processing.  Therefore,  the  cladding  could 
corrode  Intergranularly  along  copper  rich  grain  boundaries 
to  allow  the  corrosive  storage  building  environment  ‘o 
reach  the  2024  alloy  core.  This  core  material  was  in  the 
annealed  condition,  which  is  especially  prone  to  inter- 
granular attack. 

The  location  of  the  pits,  their  orientation 
and  arragement,  primarily  in  a zone  near  the  bottom  pole, 
makes  it  quite  probable  that  they  were  formed  in  the  drained 
tank,  after  the  five  year  storage  with  propellant, 
during  the  almost  two  years  (Sept.  197?  to  July  1974)  the 
tank  was  stored  before  evaluation.  The  pits  are  concentrated 
in  the  area  quite  likely  to  contain  propellant  liquid  residue. 
The  pitting  would  thus  be  initiated  by  local  attack  of  the 
copper  enriched  grain  boundaries  of  the  cladding  in  contact 
with  the  acidic  residues  of  propellant.  Ti'e  deep,  roughly 
spherical  nature  of  the  pits  results  from  tt.e  partially 
protective  nature  of  the  cladding,  which  tends  to  confine 
the  attack  after  a small  area  of  the  cladding  has  been  pene- 
trated. This  more  localized  corroding  medium  or  local  electro- 
mechanical cell  effect  promoted  pitting,  by  corrosion  of  grain 
boundaries  of  both  the  cladding  with  copper  diffused  into  it 
and  the  annealed  core  material  with  the  copper  alumlnide 
concentrated  along  grain  boundaries. 


The  general.  Interior  surface  condition  of  the 
large  capacity  vessel  selected  for  confirmatory  analysis, 

S/N  H-10,  is  shown  in  Figure  43  of  Section  VI.  Discolor- 
ation suid  staining  of  parent  metal  and  weld  deposits  are 
clearly  visible.  Scattered  corrosion  deposits  were 
observed  on  the  welds  and  parent  metal,  at  sites  of  incipient 
pit  formation.  Close-un  views  of  two  areas  containing  a 
fairly  large  number  of  pits  are  shown  in  Figure  64.  The 
early  stages  of  pit  formation  and  a well-defined  pit  are 
shown  in  the  cross  section  views  of  Figure  65.  Note  the 
similarity  in  appearance  of  intergranular  penetration 
occurring  in  this  tank  with  that  shown  in  Figure  63  for 
the  solid  state  bonded  tank.  The  mechanism  of  corrosion 
is  identical. 

A small  capacity  3"  x 6"  tank,  S/N  1,  which  also 
contained  NjO^j^  propellant,  displayed  the  same  type  of 
internal  pitting  corrosion.  This  condition,  shown  in 
Figure  66,  is  almost  identical  to  that  shown  in  Figure  63. 

At  first  glance,  it  would  appear  that  problems 
could  arise  from  the  use  of  aluminum  alloys  of  the  2000 
series  for  N^O^^  propellant  storage  vessels.  The  fairly 
severe  pitting  observed  in  the  three  tanks  discussed  above 
is  a typical  form  of  corrosion  which  occurs  on  aluminum 
alloys  when  exposed  to  dilute  acid  solutions  containing 
halogen  ions.  If  continued  over  a sufficiently  long  period 
of  time  such  pitting  could  eventually  penetrate  the  shell 
wall  resulting  in  vessel  leakage.  However,  as  concluded  for 
the  S/N  6 solid  state  bonded  vessel  discussed  previously. 


the  six  year  K2O4  propellant  exposure  did  not  cause  the 
pitting  observed  on  the  Interior  surfaces  of  these  two 
vessels.  It  Is  believed  that  corrosion  effects  on  the 
Interior  surfaces  were  caused  after  the  storage  test  had 
been  completed  and  the  vessel  drained  of  propellant. 
Insufficient  draining  and  flushing  could  have  resulted  In 
a subsequent  reaction  of  residue  with  moisture  In  the 
air.  This  hydrolysis  produced  a dilute  acid,  probably 
HNOg,  which  then  Initiated  the  pitting  attack. 

It  Is  recommended  that  more  thorough  draining 
and  flushing  operations  be  performed  on  propellant  tanks 
after  long-term  storage  tests.  Complete  drying  and 
sealing  of  the  vessel  In  a dry,  relatively  air  tight 
container  should  preclude  such  post-storage  occurrences. 
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6.  INTERNAL  SURFACE  WELD  CRACKING  AND  PITTING 


a.  Detail  analysis  of  corrosion  observed  on  a 2014-T6 
aluminum  alloy  Alcoa  one-quart  container  exposed 
to  ClPp  propellant 

(1)  Test  History 

k one-quart  capacity  container  fabricated  of 
2014-T6  aluminum  alloy  material  and  designated  as  S/W  19 
was  used  to  store  ClFj.  propellant  for  a period  of  42  months. 
No  leakage  of  the  container  occurred  during  this  storage 
period . 


A second  2014-T6  one-quart  container  with  the 
same  fabrication  and  test  history,  S/i  24,  was  selected  for 
a confii’matory  analysis.  In  addition  to  a similarity  in 
corro.sion  behavior  this  tank  had  developed  cracks  in  the  root 
of  the  longitudinal  weld  bead,  in  an  area  where  a multiple 
weld  pass  had. been  made. 

\ 

(2)  Observations 

The  subject  container  represents  an  exercise 
in  welding  the  20l4  aluminum  alloy.  Two  longitudinal  welds. 
Intersecting  the  girth  weld  are  deposited  l80°  apart.  The 
fabrication  and  heat  treat  history  are  described  in  Section 
V.C. 


General  corrosion  attack  of  the  external 
surface  was  noted.  A white,  powdery  corrosion  product  was 
uniformly  scattered  over  the  surface.  Examination  of  the 
Interndl  surface  disclosed  a gray  to  dark  gray  discoloration. 
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with  isolated  mounds  of  a white  corrosion  product  marking 
the  locations  of  pit  formation.  A photomacrograph  showing 
this  Internal  surface  pitting  is  displayed  in  Figure  67. 
Note  that  the  pits  are  contained  within  a larger  discolored 
area  which  indicates  the  location  of  propellant  residue 
remaining  after  draining.  Cross  sections  of  two  of  the 
deepest  pits  are  shown  in  Figures  68  and  69.  Note  the 
Intergranular  nature  of  the  progressive  pitting  attack. 

(3)  Metallurgical  Analysis 

The  pitting  observed  on  the  interior  surface 
of  the  S/N  19  tank  is  characteristic  of  the  type  of  corro- 
sion usually  associated  witt  aluminum  and  its  alloys. 
Penetration  of  the  naturally  protective,  passive  oxide 
barrier,  usually  by  halogen  ions,  exposes  fresh  aluminum 
surfaces  to  a concentration  cell  action  and  subsequent, 
localized  pitting  attack.  The  maximum  depth  of  pitting 
noted  was  approximately  0.022  inch,  representing  355^  of  the 
wall  thickness. 


The  other  one-quart  containers  in  this  group 
(S/N  11,  24,  25,  81,  83  and  85)  which  were  also  exposed  to 
CIF^  propellant  for  42  months,  were  generally  similar  in 
appearance  with  Internal  pitting  of  varying  degree.  The 
subject  tank  contained  the  greatest  number  and  maximum  depth 
of  pits  observed  on  the  interior  surface"  of  these  tanks. 

b.  Ore  Confirmatory  Analysis 

Pitting  type  corrosion  very  similar  to  that  observed 
on  the  interior  surface  of  the  subject  container  was  also 
visible  in  the  S/N  24  container.  This  tank  was  also  used  to 
store  ClF^  propellant  for  a 42  month  period.  The  general 
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overall  appearance,  both  externally  and  internally  was 
also  similar.  Pit  depth  and  frequency  however  were  much 
less  than  those  noted  in  S/N  I9.  White  deposits  of  a 
corrosion  product  associated  with  the  pits  are  shown  in  the 
photomacrograph  of  Figure  70.  Cross  sections  of  a fully 
developed  pit  and  one  in  the  early  stages  of  development 
are  shown  in  Figure  71-  The  pitting  attack  is  intergranular 
in  nature  and  Identical  to  that  observed  previously  for  the 
S/N  19  container. 

Several  cracks  were  also  noted  at  one  end  of  the 
longer  of  two  longitudinal  welds  where  a double  weld  pass 
had  been  made.  These  are  shown  in  Figure  72.  A cross 
section  of  these  cracks,  shown  in  Figure  72,  indicates  the 
presence  of  interdendritic  cracking,  probably  caused  by  a 
hot  shrinkage  condition  which  is  characteristic  of  the  high 
strength,  heat  treatable  2014  aluminum  alloy.  This 
characteristic  is  further  aggravated  oy  the  longer  exposure 
to  weld  temperature  during  multiple  weld  passes,  combined 
with  a subsequently  reduced  cooling  rate. 

There  was  no  corrosion  associated  with  the  open 
cracks  or  the  network  of  interdendritic  cracks  exposed  by 
sectioning  and  polishing.  The  possibility  of  a stress 
corrosion  mechanism  being  operative  appears  remote  since  the 
orientation  of  the  cracks  is  circumferential  l.e.,  transverse 
to  the  weld  bead.  Thus,  the  principal  hoop  stress  generated 
by  pressurization  during  storage  would  not  significantly 
affect  the  crack  tip. 
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Discussion  of  Internal  Pitting  Anomaly 

With  respect  to  the  apparent  lack  of  compatl-  | 

blllty  between  the  CIP^  propellant  and  the  2014-T6  one-  | 

quart  containers.  It  Is  Interesting  to  compare  their  j 

Internal  appearance  with  that  of  a 15-gallon  Martin  Tank  i 

No.  3 (S/N  6)  shown  In  Figure  37  of  Section  VI. A.  This  i 

large  tank,  also  fabricated  of  2014-T6  aluminum  alloy,  ; 

contained  the  CIF^  propellant  for  a period  of  six  months  i 

and  retained  its  original,  bright,  as-fabricated  appear-  j 

anee.  Based  on  this  appearance,  attempts  to  relate  the 
pitting  observed  In  the  one-quart  containers  to  the  stored 
CIP^  propellant  cannot  be  justified.  Considerable  time 
had  elapsed  between  removal  of  the  small  containers  from 
storage  test  and  the  initiation  of  metallurgical  analysis 
(li  - 2 years).  As  with  the  other  Internal  surface  , 

analyses,  this  analysis  has  confirmed  that  the  pitting  5 

corrosion  was  caused  by  propellant  residues  and  associated 
hydrolysis  during  extended  storage  after  draining.  This  "i 

conclusion  further  substantiates  the  need  for  thorough 

purging,  cleaning  and  sealing  of  vessels  after  propellant  j 

drainage.  If  reuse  Is  contemplated. 

< 

i 
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7.  EXTERNAL  SURFACE  CORROSION 

a.  Detail  Analysis  of  External  Corrosion  on 
Flange  to  Hemisphere  Attachment  Weld  of 
Martin  15-Gallon  Tank  No.  3 (S/N  6) 

(1)  Test  History 

A fifteen  gallon  capacity  cylindrical  container 
fabricated  of  2014  aluminum  alloy  material  by  the  Martin 
Company  and  designated  as  Tank  No.  3 (S/N  6)  was  used  for  the 
storage  of  CIF^  propellant  for  a period  of  approximately 
six  years.  Although  this  vessel  was  painted,  the  paint  film 
was  not  sufficiently  protective  to  prevent  corrosion  for  a 
six-year  period.  One  area  of  the  external  surface,  on  ttie 
hemispherical  segment  adjacent  to  the  flange  opening,  was 
very  severely  corroded.  It  is  in  this  area  where  leakage  of 
the  vessel  probably  occurred,  with  the  weld  Joint  deposit 
almost  completely  eroded. 

The  bare,  unpainted  storage  tani  s examined  in 
this  program  had  experienced  general  surface  corrosion  of 
varying  degree,  depending  on  the  corrosive  severity  of  the 
immediate  environment.  However,  none  had  developed  leaks  In 
the  temk  shell  proper.  Three  such  vessels,  of  varying  capa- 
city; which  had  displayed  extensive,  overall  corrosion  of 
the  exterior  surface,  were  selected  for  confirmatory  analyses. 

(2)  Observations 

Corrosion  of  the  subject  vessel  originated  on 
the  external  surface,  as  shown  In  the  overall  view  of  Figure 
37  in  Section  VI. A.  The  weld  alloy  deposit  was  attacked  at 
a much  greater  rate  than  the  surrounding  wrought  material, 
as  can  be  seen  in  Figure  73.  Heat  affected  zone  areas  were 
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also  attacked  but  not  as  severely.  The  pitting  corrosion 
which  occurred  produced  a number  of  perforations  in  the 
tank  wall  amd  resulted  in  an  extreme  reduction  of  wall 
thickness,  also  shown  in  Figure  73.  A section  taken  through 
one  of  the  perforations  is  presented  in  Figure  7^.  Note 
that  the  penetration  occurred  immediately  at  the  edge  of 
weld.  The  other  edge  of  the  corroded  weld  cross  section 
from  Figure  7^  is  shown  in  Figure  75.  This  photomicrograph 
clearly  Illustrates  the  origin  of  attack  on  the  external 
surface  of  the  tank  shell.  The  corrosion  attack  has  occur- 
red preferentially  in  the  weld  metal  but  near  the  weld  fusion 
line  or  edge  of  weld.  Based  on  overall  views  of  other  weld 
cross  sections  of  this  corroded  weld,  it  is  quite  possible 
that  this  local  corrosion  shown  in  Figure  73  Is  promoted  by 
the  multiple  pass  nature  of  the  weld.  The  heat  effects  of 
subsequent  passes  would  have  made  this  portion  of  the  weld 
particularly  susceptible  to  corrosion.  A cross  section  of 
the  weld,  slightly  removed  from  the  perforated  erea  Is 
presented  as  a composite  photomicrograph  In  Figure  7^^.  The 
appeartmce  of  the  weld  structure  Indicates  that  more  than 
one  pass  was  made  In  completing  this  ,1olnt. 

Some  very  fine  cracking  at  the  edge  of  weld 
was  also  noted  on  the  internal  surface,  as  shown  In  Figure 
76.  This  cracking  Is  probably  related  to  the  Initial  fabric- 
ation of  the  storage  vessel  and  may  well  have  been  caused  by 
double  pass  weldln".  Such  cracking  Is  not  uncommon  In  this 
alloy,  particularly  when  welded  In  the  fully  heat  treated  -T6 
temper.  The  cracks  did  not  propagate  through  the  shell  well. 
General,  Inlrgranular  corrosion  of  the  parent  metal  external 
surface  la  shown  In  the  photomicrographs  of  Figure  79-  The 
Interior  of  the  tank  shell  was  very  clean,  with  buffed  areas 
adjacent  to  dome  welds  remalnlt:g  bright  and  .shiny,  as  can  be 
seen  in  Figure  37. 
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Mechanical  properties  of  the  flange  attach- 
ment weld  through  the  heavily  corroded  area  were  determined 
and  compared  with  the  properties  of  material  removed  from 
a non-corroued  area.  Properties  of  parent  metal  shell 
material  were  also  determined  as  a base-line  reference. 

These  results  are  discussed  In  detail  in  Section  VI. C.  with 
all  data  presented  In  Table  XVII. 

Spectrographic  analysis  of  the  eroded  weld 
Joint  and  X-ray  diffraction  a.nalysls  of  the  corrosion 
product  were  also  performed  In  order  to  complete  the  Investi- 
gation. 


(3)  Metallurgical  Analysis 

The  type  of  corrosion  observed  on  the  external 
surface  of  the  subject  vessel  Is  characteristic  of  that 
associated  with  heat  treatable  aluminum  alloy.s  exposed  to  an 
acid  environment  containing  halogen  Ions,  Observed  corrosion 
effects  were  Intensified  by  erosion  or  washing  effect 
believed  to  have  been  produced  by  the  Impingement  of  a corro- 
sive stream  of  llquld/vapor  emanating  from  a nearby  leaXlng 
vessel.  Reaction  of  the  propellant  llquld/vapor,  probably 
CIF^,  with  moisture  In  the  atmosphere  produces  very  corro- 
sive, dilute  acids  which  readily  attack  aluralnu  . and  Its 
alloys.  This  erosion  effect,  combined  with  initial  pitting 
corrosion,  reduced  the  tank  wall  thickness  to  the  point  where 
complete  perforation  occurred,  with  several  holes  developing 
inmedtately  adlacent  to  the  weld  bead.  In  the  heal  affected 
zone.  All  corrosion  observed  progressed  from  the  exterior 
of  the  vessel  inward,  with  no  corrosion  occurring  on  the 
Interior  surfaces. 
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The  fabrication  history,  detallefl  in  Section 
V,  Indicates  the  2014  alloy  was  in  the  -T6  temper  when 
welded.  No  subsequent  neat  treatment  was  employed.  Ulti- 
mate corrosion  resistance  of  this  alloy  is  determined  by 
the  rate  of  cooling  from  welding  temperatures,  this  is 
readily  apparent  from  the  variation  in  degree  of  corrosion 
observed  in  heat  affected  zone  areas  versus  parent  metal. 
Although  some  intergranular  attack  of  the  parent  metal  had 
occurred  on  the  external  surface,  it  was  much  less  severe 
and  of  itself  would  be  of  little  consequence  ir.  terms  of 
storage  vessel  reltabtilty. 


Mechanical  properties  cf  the  corroded  weld 
Joint,  a noncorroded  area  «)d  the  parent  2014-T6  shell  alloy 
are  presented  In  Table  XVM.  Base  metal  prope-ttes  Indicate 
the  2^14  shell  alloy  was  In  the  -Tt  temper  prior  to  welding. 
After  weldl..g  In  the  condition,  tensile  properties  across 
the  weld  .loint  are  reduced  by  overv.li'g,  with  failure  occur- 
ring in  the  heat  affected  zone  or  at  the  edge  of  weld.  A 
loss  in  yield  strength  of  approximately  lu^f  was  noted  in  the 
weld  specimens  from,  the  corroded  area  relative  t those 
speclm.^ns  cut  from  the  r.on-corroded  ares.  However,  only  an 
Insignificant  loss  in  ultimate  icr.ullc  strength  was  noted. 
Some  variatior  in  weld  .'Olm  strength  of  the  flange  attach- 
ment weld.s  at  each  end  of  the  tanx  war  also  noted. 


These  tests  results  are  based  on  the  actual 
thicxne.ss  of  specimens,  which  in  the  corroded  areas  was 
somewhat  reduced  (h-T<  below  uncorroded  areas).  The  lower 
yield  strengths  in  these  areas  refle't  the  liregular  surface 
produced  by  this  corrosion.  If  strengths  were  based  on  the 
nominal  area  they  would  stiow  reduced  values,  reflectlnj  the 
6-7Tt  loss  In  thickness. 
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Spectrographlc  analysis  of  the  weld  alloy 
used  to  join  the  flange  assembly  to  the  shell  identified 
the  alloy  as  4o43  aluminum.  X-ray  diffraction  analysis 
identified  the  corrosion  product  as  a hydrated  aluminum 
hydroxyfluoride  with  the  approximate  composition  of  l6 
A1P2(0H)6H20.  This  composition  Indicates  a reaction 
between  aluminum  and  hydrofluoric  acid,  the  HF  most  probably 
having  been  formed  by  hydrolysis  of  CIP^  vapors. 


b.  Three  Confirmatory  Analyses 

The  three  vessels  selected  for  confirmatory 
analyses  and  their  histories  are  as  follows: 


S/N  DESCRIPTION 

105  1 quart  Alcoa  Tank 

X7007-T6 

6 Martin  diffusion 
bonded  round  tank 
2024  A1 


STORED  TERM  OP 

PROPELLANT  STORAGE 

CIP.  42  mos . 

o 

NgO^  6 years 


7 Martin  15-gallon  N-0;.  6 years 

cylinder  2014  AI  ^ 

Although  these  vessels  represent  different  aluminum 
alloys,  fabrication  methods  and  internal  storage  environments, 
their  resulting  surface  appearances  are  quite  similar.  This 
is  not  totally  unexpected  Inasmuch  as  the  predominant 
mechanism  of  corrosion  observed  in  aluminum  and  its  alloys 
is  one  of  pitting.  Corrosion  of  this  type  is  generally 
initiated  by  a breakdown  of  the  passive  oxide  film  which  is 
normally  formed  on  aluminum  surfaces.  Halogen  ions  are  gener- 
ally responsible  for  this  breakdown,  followed  by  localized 
pitting  attack.  As  discussed  in  other  detailed  analyses  per- 
formed during  this  program,  hydrolysis  of  escaping  propellant 
vapors,  resulting  in  the  formation  of  dilute  acids,  is  believed 
to  be  the  source  of  the  corroding  environment. 


75 


The  appearance  of  the  surfaces  of  these  three 
vessels  Is  almost  Identical,  with  a slightly  coarser 
texture  visible  on  those  vessels  exposed  to  an 
environment.  This  can  be  seen  In  the  photomacrographs  of 
Figure  80.  Physical  appearsuice  of  the  corrosion  product, 
a white,  crystalline  compound,  was  very  similar  in  all 
oases.  At  higher  magnification  the  S/N  105  tank  displayed 
a greater  frequency  of  pitting,  more  localized  in  nature. 

As  with  the  Tank  No,  3 (S/N  6)  discussed  in  detail,  corro- 
sion at  the  edge-of-weld  and  In  the  heat  affected  zone  was 
more  pronounced.  This  is  readily  apparent  In  the  views 
presented  In  Figure  80. 

The  solid  state  bonded  tank  was  uniformly  etched 
to  a graylsh-whl '■•e  color  over  the  entire  external  surface. 
No  unusual  or  localized  effects  were  noted  on  the  exterior, 
except  for  the  overlapped,  exposed  edge  of  the  joint  being 
more  heavily  corroded,  with  the  overlap  corroded  away  In 
spots.  These  effects  are  shown  In  Figure  39>  Section  VI. 

On  the  external  surface  of  the  solid  state  bonded 
tank,  corrosion  penetrated  through  the  cladding  by  the 
attack  of  grain  boundaries  containing  diffused  copper.  A 
cross  section  of  the  external  surface  attack  is  shown  In 
Figure  81,  and  consisted  of  seleoGlve  attack  of  the  grain 
boundaries  of  the  2024  core  alloy  over  a relatively  large 
area  around  corrosion  penetration  of  the  cladding.  This 
penetration  and  undermining  of  the  cladding  produced  the 
"powdery"  appearance  of  the  surface,  since  it  promoted  the 
progressive  powdering  off  of  individual  grains  of  the  clad- 
ding eind  outer  layers  of  the  core.  In  no  areas  had  this 
process  progressed  deeply  or  catastrophically,  but  it  does 
Indicate  the  onset  of  degradation  of  the  tank. 
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The  corrosion  of  the  external  surfaces  appears  to 
have  been  caused  by  the  same  atmospheric  environment  which 
attacked  the  other  tanks  evaluated  In  this  program  - a 
humid,  enclosed  atmosphere  occasionally  contaminated  with 
acid  fumes  fram  leaking  tanks  or  lines  in  the  same  room. 

The  highly  acidic  fumes  and  liquids  are  generated  when 
or  C1P„  come  in  contact  with  moist  air.  The  nitric,  hydro- 
chloric or  hydrofluoric  acid  subsequently  formed  can  be 
expected  to  easily  attack  the  surface  of  this  tank. 

The  alloy  from  which  the  tsuik  halves  were  fabric- 
ated was  Alclad  2024  aluminum  sheet.  The  pure  aluminum 
cladding  layer  provides  good  corrosion  resistance  as  long 
as  It  is  unbroken,  and  the  copper  alloying  element  in  the 
core  material  has  not  diffused  to  the  surface.  In  this 
teuik  both  instances  had  occurred.  There  was  extensive 
corrosion  of  the  exposed,  unbonded  outer  rim  of  the  overlap 
in  the  solid  state  bonded  Joint.  This  outer  rim  contained 
exposed  core  alloy  along  the  cut  edge  and  evidently  corroded 
away  all  of  the  overlap,  as  seen  in  the  general  view  of 
Figure  39»  Section  VI. 
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LOCALIZED  EXTERNAL  PITTING  OP  WELD 


a.  Detail  Analysis  of  External  Corrosion  and 
Leakage  Occurring  on  Flange  Assembly 
Attachment  Weld  of  Martin  10-Gallon  A-286 
Alloy  Tank  No.  12  (S/N  003)  Exposed  to 
C1P_  Propellant  for  Six  Months 
0 

(1)  Test  History 

A ten-gallon  capacity  cylindrical  container 
was  fabricated  by  the  Martin  Company  using  A-286  stainless 
steel,  a heat  and  corrosion  resistant  alloy.  This  vessel, 
designated  as  Tank  No.  12  (S/N  003)  was  used  for  the  storage 
of  CIP^  propellant  for  a period  of  approximately  six  months. 

A leak  had  apparently  developed  in  the  flange  assembly  to 
dome  weld  region,  with  some  corrosion  build-up  visible  on 
the  external  surface.  Removal  of  the  corrosion  product 
from  this  surface  disclosed  the  presence  of  two  pin-holes 
at  the  edge  of  the  weld  bead.  This  anomaly  was  selected 
for  a detailed  analysis. 

(2)  Observations 

The  corrosion  leading  to  perforation  of  the 
subject  tank  shell  wall  was  externally  initiated.  Loca- 
tion of  the  corroded  and  perforated  area  is  shown  in  Figure 
44  of  Section  VI.  Close-up  views  of  the  corrosion  and  per- 
foration are  shown  in  Figure  82.  The  actual  perforations 
can  be  seen  in  Figures  82  and  83.  A view  of  the  internal 
surface,  showing  severe  abrasion  of  the  weld  root  and  the 
perforations  at  the  edge  of  the  weld,  is  presented  in  Figure 
83.  The  natural  step  formed  by  the  treuisltlon  from  a heavier 
flange  assembly  wall  thickness,  is  accentuated  by  this  clean- 
up, as  shown  in  the  Figure  83  cross  section.  Note  the  start 
of  a pit  on  the  external  surface  of  the  weld  bead. 
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Figure  84  presents  a cross  section  view  of  one  of  the 
perforations.  Note  the  location  of  the  perforation, 
immediately  at  the  edge  of  the  weld.  Attack  of  the  A-286 
base  metal  in  this  area  was  primarily  transgr.-’nular  in 
nature . 


Mechanical  properties  of  the  base  metal 
and  circumferential  girth  weld  were  determined  and  are 
included  in  Table  XVII. 

(3)  Metallurgical  Analysis 

The  corrosion  leading  to  the  observed  per- 
foration of  the  A-286  shell  wall  was  initiated  by  penetration 
of  the  paint  film  and  passlveoxide  layer  by  the  corroding 
agent.  A concentration  cell  was  then  established,  with  the 
corroded  area  becoming  anodic  to  the  larger,  surrounding 
area  and  resulting  in  a highly  localized,  pitting  type 
attack.  As  described  in  other  failure  analyses  conducted  in 
this  program,  the  corroding  agent  was  most  probably  a dilute 
acid,  produced  by  the  hydrolysis  of  leaking  propellant  vapors. 

Combined  with  this  probable  occurrence  was  a 
severe  reduction  In  thickness  of  the  shell  wall  in  this  area 
due  to  excessive  grinding  of  the  weld  drop-thru,  probably 
to  remove  oxides  or  to  correct  a mismatch  condition.  Thick- 
nesses in  this  area  were  reduced  to  less  than  half  of  the 
0.040  inch  nominal  thickness  of  the  dome  segment,  thus 
considerably  reducing  the  time  span  required  to  complete 
penetration  of  the  wall  by  localized  pitting  corrosion.  No 
other  corrosion  on  either  the  exterior  or  Interior  surfaces 
of  this  vessel  was  noted. 
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The  pitting  type  corrosion  noted  here  is 
characteristic  for  auetenltlc  alloys  such  as  A-286  and 
various  stainless  steels  of  the  300  Series.  It  is 
dependent  upon  penetration  of  the  passive  oxide  layer 
normally  present  on  these  alloys.  Halogen  ions,  believed 
present  in  the  dilute  acid  environment  developed  by  the 
hydrolysis  reaction  with  propellant  vapors  (probably  HF 
in  this  instance)  are  particularly  effective  in  breaking 
through  the  naturally  protective  oxide  barrier.  Once  this 
penetration  is  achieved,  the  localized  active  metal  area 
becomes  anodic  to  the  large,  surrounding  cathodic  area. 
Active  corrosion  at  the  anode  then  causes  rapid  pitting 
to  occur. 


The  mechanical  properties  determined  for 
the  shell  material  and  weld  Joint  indicate  that  the  vessel 
was  in  the  solution  treated  and  aged  condition  when  placed 
in  storage.  Records  Indicate  that  welding  was  performed 
with  material  in  the  solution  treated  condition,  and  the 
fabricated  shell  then  aged. 
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9.  METALLURGICAL  CHARACTERIZATION  OF  CRYOPORMED 
AISI  301  STAINLESS  STEEL  ONE-PINT  CYLINDERS, 

EXPOSED  TO  NgOjj^  AND  CIP^  ENVIRONMENTS 

a.  Teat  History 

Fifteen  one-pint  cylinders,  fabricated  of  AISI  301 
stainless  steel  and  subsequently  cryogenlcally  stretch  formed 
to  size,  were  used  for  the  long-term  storsige  of  N^O^j^  and 
CIP^  propellants.  Each  propellant  was  stored  In  both  aged 
and  unaged  containers.  No  failures,  leakage  or  stress  corro- 
sion cracking  occurred  In  any  of  the  containers  during  the 
five-year  storage  period. 

Two  of  the  containers,  one  used  to  store 

sjcd  one  to  store  ClPc-,  were  selected  for  a more  detailed 

5 

examination  and  material  property  characterization.  These 
units  are  Identified  as  S/N  010  (aged)  and  S/N  023  (unsiged) 
respectively.  Both  cylinders  were  clean  and  free  of  corro- 
sion on  the  external  surfaces.  A light  brown  stain,  approxi- 
mately straw  color,  was  observed  on  the  internal  surfaces. 

A line  of  demarcation  was  also  visible  on  the  inside  of  both 
cylinders.  Indicating  only  partial  filling,  or  evaporation  of 
some  of  the  liquid  had  occurred.  These  effects  are  visible 
In  Figures  9 and  12. 

b.  Observations 

The  subject  containers  are  fabricated  of  AISI  301 
stainless  steel  formed  and  welded  Into  a cylinder,  with 
hemispherical  endr  then  welded  to  the  cylinder.  The  AISI 
301  stainless  steel  Is  a specially  produced,  learn  grade  of 
corrosion  reslstauit  stainless  steel.  Fittings  are  welded 
to  each  end  to  facilitate  propellant  loading.  The  containers 
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are  then  stretched  at  liquid  nitrogen  temperature  (-320°?) 
by  a patented  process  which  cold  works  and  strengthens  the 
cylinder  walls. 

This  cryogenic  stretching.  Involving  only  modest 
total  biaxial  strain,  achieves  very  high  strength  due  to 
the  austenite  to  martensite  transformation  In  the  stainless 
steel.  The  stretching  also  smooths  out  any  mismatch  or 
other  Irregularity  In  the  velds  to  Insure  tliat  the  welds 
are  not  a degrading  factor  In  the  tanks. 

One  container,  S/N  010,  was  loaded  with  N^Oj^^ 

oxidizer  on  8 June  196?  and  removed  from  storage  on 

18  September  1972,  for  a total  of  63  months  exposure.  The 

other  container  examined,  S/N  023,  was  loaded  with  the  01?- 

, 5 

oxidizer  and  placed  In  storage  on  23  August  1967.  It  was 
removed  from  storage  on  l8  September  1972,  for  a total  of 
60  months  exposure. 

External  surfaces  of  the  two  containers  discussed 
In  this  report  were  very  clean,  with  no  evidence  of  corrosion. 
Velds  were  sound  and  continuous  as  shown  In  Figure  85. 

Internal  surfaces  were  lightly  stained,  to  approximately  a 
straw  color.  The  film  on  cylinder  S/"N  023,  which  had  contained 
CIF^,  was  somewhat  powdery  and  could  be  scraped  off.  It 
appeared  to  be  a residue  and  not  a surface  reaction  product. 

The  film  on  S/H  010,  which  had  contained  N^Oj^,  was  completely 
different  In  character.  It  was  hard,  dense,  very  thin  and 
could  not  be  scraped  off.  This  would  indicate  It  to  be  a 
surface  reaction  product  rather  than  a residue. 
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Mechanical  properties  were  determined  for  both 
the  unaged  and  aged  cylinders  in  both  parent  metal  and 
weld  regions.  These  tests  are  discussed  in  detail  in 
Section  VI.C.l  with  results  tabulated  in  Table  XVI.  The 
strengths  obtained  can  be  briefly  summarized  as  follows. 


YIELD 

ULTIMATE 

STRENGTH 

STRENGTH 

Unaged  parent  metal 

191.4 

216.1 

(S/N  23)  across  weld 
Across  weld  with  weld 

191,2 

214,4 

ground  flush 

166,6 

180.2 

Aged  parent  metal 

221.7 

259.9 

(S/N  10)  across  weld 
Across  weld  with  weld 

223.7 

258.2 

ground  flush 

196.2 

225.2 

Annealed  AISI  301 

Stainless  Steel 

40.0 

110.0 

These  properties  demonstrate  the  tremendous 
Increase  in  strength  obtained  by  this  process,  compared  to 
annealed  stainless  steel.  The  strengths  obtained  are 
slightly  lower  than  strengths  reported  by  Arde  based  on 
burst  testing  of  cylinders  and  spheres.  This  would  be 
expected  because  of  biaxial  strengthening  effects.  However, 
there  is  no  Indication  of  degrsuJation  of  the  strength 
properties  from  propellant  or  environment  exposure  over  the 
extended  exposure  time. 
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c.  Metallurgical  Analysis 

No  deleterious  effects  of  the  propellants  on 
surface  or  mlcrostructura  were  detected  In  either  cylinder. 

V A loosely  adhering,  easily  removed  deposit  was  observed  on 

the  cylinder  which  had  contained  C1P_.  The  surface  film 

V 0 

observed  on  the  cylinder  which  had  been  exposed  to 
was  tightly  adhering  and  could  not  be  rubbed  off.  Both 
films  were  vary  thin  and  could  not  be  Identified  by  X-ray 
diffraction  analysis  of  the  surface.  A powder  sample 
prepared  from  scrapings  removed  from  the  cylinder  containing 
CIF^  failed  to  yield  a pattern.  Indicating  it  to  be 
amorphous  In  nature. 

Parent  metal  microstructures  of  both  vessels, 
shown  In  Figure  B6,  ware  very  similar,  displaying  evidence 
of  the  stretching  and  transformation  of  the  stainless  steel. 
The  grains  are  only  lightly  deformed,  indicative  of  the 
modest  total  bleuclal  strain  imposed  during  the  stretching. 
However,  the  grains  can  bo  seen  to  be  heavily  "peppered". 

This  Is  evidence  of  martensitic  transformation  and  carbide 
precipitation  In  the  material  due  to  the  cryogenic  straining. 
Thi  "peppering"  Is  carbide  precipitation  Induced  by  the 
strain  and  subsequent  return  to  room  temperature.  In  the 
aged  mlcrostructure,  view  (a)  of  Figure  66,  further  precipi- 
tation has  taken  place  along  the  strain  lines,  making  them 
more  visible.  This  additional  precipitation  during  aging  is 
responsible  for  the  Increased  strength  of  aged  bottles. 
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The  Arde,  Inc.,  AISI  301  stainless  steel 
cylinders  have  demonstrated  excellent  compatibility 
with  CIP^  and  propellants  and  with  the  corrosive 

storage  room  environment  for  a five  year  period.  No 
base  metal  or  weld  zone  coriosic.''.  cr  stress  crack^n;; 
occurred  in  any  of  the  fifteen  containers  examined  in 
this  program.  The  very  high  strengths  obtained  with 
this  process,  and  verified  with  tests  in  this  program 
are  achieved  without  serious  loss  In  ductility  and 
with  substantial  toughness  remaining.  The  material 
appears  to  be  an  excellent  choice  for  pressurized 
propellant  tankage. 
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10,  MECHANICAL  PROPERTY  DETERMINATION  OF  RTV-634 
SILICONE  RUBBER  LINER  IN  ROLLING  DIAPHRAGM 
PROPELLANT  TANKS  OP  PREPACKAGED  SYSTEMS 

a.  Test  History 

An  RTV-634  silicone  ruboer  liner  was  formed  in 
the  annulus  between  the  rolling  diaphragm  and  shell  Interior 
of  the  tanks.  In  order  to  seal  the  outside  of  the  diaphragm 
and  prevent  Its  collapse.  During  disassembly  of  the  systems, 
the  liners  were  found  to  tear  or  rip  quite  readily,  with 
some  tendency  for  easier  tearing  in  one  direction  than  the 
other.  Five  of  the  tanks  were  evaluated  for  tensile 
properties  of  the  liner  material  in  both  directions.  These 
tSLnks  represented  both  the  solid  propellant  and  decomposed 
hydrazine,  gas  fired  systems. 

b.  Observations 

Sections  of  the  silicone  rubber  liner  were 
stripped  out  of  the  tai>'f  rV'oiis  to  obtain  specimen  mata'ldl. 

In  some  areas  the  liner  would  adhere  to  t.''“  wr''.  «i.d  tear 
away  unevenly.  These  areas  were  not  included  In  the  analysis. 
Tests  of  the  RTV-634  silicone  rubber  liner  material  were 
performed  according  to  the  procedures  outlined  In  the  ASTM 
Specification  D41?.  An  Instron  automatic  testing  machine, 
with  an  area  compensator  and  automatic  elongation  counter, 
was  used.  At  least  three  specimens  per  lot,  In  the  circum- 
ferential and  axial  directions,  were  tested  although  some 
tests  had  to  be  discarded  because  of  failure  at  material 
defects.  Results  were  averaged  for  tank  comparison,  and  are 
presented  In  their  entirety  in  Table  XIII.  All  specimens 
were  made  In  the  same  manner,  according  to  the  procedure 
outlined  In  para.  4.1  of  the  ASTM  D41P  specification. 
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This  material  is  a Genera!  Electric  product  and 
their  trade  literature  (CtS-852)  shows  a typical  strength 
of  400  psi,  elongation  of  2205^  and  a Shore  A Durometer  hard- 
ness of  35.  This  material  is  subject  to  significant  varia- 
tion in  properties  due  to  mixing,  casting  and  curing  vari- 
ables, and  other  General  Electric  literature  (Technical 
Data  Book  S-29B)  shows  a typical  strength  of  550  psi. 

The  tensile  test  data  did  not  indicate  the 
directionality  observed  in  handling  and  from  "hand  tear" 
tests  of  the  material.  It  was  postulated  the,t  surface  flaws 
or  discontinuities  could  possibly  contribute  to  the  apparent 
directionality  observed.  To  probe  this  possibility  further, 
random  sections  of  this  material  were  taken  from  the  same 
unit  sample,  cut  into  approximately  2"  x 2"  sections  and 
stretched  by  hand  in  both  directions.  Some  pieces  could 
be  stretched  a considerable  amount  in  both  directions, 
without  failure.  Others  failed  on  the  first  stretching, 
with  little  or  no  ductility.  Samples  of  each  type  were 
then  examined  carefully  under  the  microscope,  to  determine 
surface  condition  and  origin  of  failure  of  the  low-stretch 
material.  Photomacrographs  of  eech  type  of  material  are 
shown  in  Figure  87  and  88.  Note  the  uniform,  continuous 
surface  of  the  hlgh-otretch  raatevial  as  compared  to  the 
mottled,  layered  appearance  of  the  low-stretch  material. 

The  failure  origin  can  be  seen  at  the  edge  of  one  of  the 
round,  surface  flaw  depressions.  This  edge,  of  reduced 
cross  section,  acts  as  a sharp  stress  concentration  point, 
leading  to  a low-stress  failure  with  very  little  ductility. 
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c.  Discussion  and  Tecnnlcal  Analysis 

The  direct  measurement  of  tensile  strength  and 
elongation  In  the  two  principal  directions  of  the  tank 
did  not  shew  any  consistent  variation  In  properties  that 
would  explain  the  apparent  difference  In  behavior.  The 
tensile  strengths^  Table  I,  do  show  a rather  large  varia- 
tion with  much  of  the  data  being  above  the  reported  typical 
strength  properties  of  400-500  psl.  The  strength  variations 
are  too  great  (minimum/maximum  readings  of  347/800  psl 
respectively)  to  be  explained  simply  as  the  expected  variation 
due  to  mixing,  pouring  and  curing  inconsistencies.  When  the 
tensile  data  were  analyzed  as  a function  of  thickness  of  the 
layer,  a definite  trend  and  correlation  was  found,  with  the 
thin  liner  samples  showing  generally  higher  strength  than 
the  thicker  material.  The  data  are  shown  graphically  as 
strength  versus  thickness  in  Figure  89.  The  annulus  between 
diaphragm  and  shell  will  inevitably  have  some  variation  in 
thickness,  and  It  appears  that  this  variation  produced  varia- 
tions In  cure  behavior  or  other  effects  controlling  the 
strength.  These  variations  are  probably  not  significant  to 
the  performance  of  the  liner,  particularly  since  liner  failure 
will  almost  always  be  by  a tearing  mode,  as  discussed  below. 

In  analyzing  the  directionality  behavior  it  was 
evident  that  the  observation  which  indicated  directionality 
was  a tearing  test.  The  tear  resistance  of  this  material  is 
very  low,  only  20  lbs.,  per  Inch,  when  measured  using  the 
ASTM  die  B,  tear  test.  This  very  low  tear  resistance,  coupled 
with  the  pattern  of  circumferential  lathe  turning  ridges  of 
the  shell,  which  are  faithfully  reproduced  on  the  liner,  will 
give  a definite  lowered  tear  behavior  along  that  direction. 
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When  minor  discontinuities  end  surface  defects  are  also 
encountered.,  even  more  pronounced  directionality  will 
result.  In  preparation  of  the  tensile  test  specimens, 
the  usual  precautions  were  observed  not  to  take  specimens 
from  any  of  these  defect  containing  areas,  or  to  disregard 
the  data  if  a tensile  specimen  failed  prematurely  through 
a previously  unnoticed  defect.  For  these  reasons  it  is 
not  surprising  that  the  tensile  data  did  not  show 
directionality.  It  Is  the  low  tear  strength,  accentuated 
by  the  occasional  surface  defect,  such  as  shown  in  Figure 
88,  which  produced  the  apparent  directionality. 


11.  METALUJRGICAL  EXAMINATION  OP  LINEAR  DISCONTINUITIES 
OBSERVED  ON  SURFACES  OF  REGULATOR  VALVES  PRCM 
STORABLE  PREPACKAGED  PEED  SYSTEMS 

a.  Background 

A number  of  regulator  valves  which  had  been 
removed  from  the  SPPS  frames  were  examined  at  the  request 
of  the  AJPRPL  project  office.  The  presence  of  stress- 
corrosion  cracks  on  the  valve  body  surfaces  was  suspected 
and  It  was  considered  desirable  to  ascertain  the  true 
nature  of  crack-like,  linear  indications  which  had  been 
observed  on  several  of  the  valves. 

b.  Conclusions 


The  linear  discontinuities  observed,  oriented 
parallel  to  the  long  edge  of  the  regulator  body,  were  not 
caused  by  a stress-corrosion  mechanism.  These  discontinui- 
ties were  determined  to  be  gross  slag  inclusions,  a condi- 
tion not  found  in  vacuum  melted,  aerospace  quality  stainless 
steel. 


c.  Observations 


A group  of  eight  regulator  valve  bodies  were  dye 
penetrant  inspected.  Three  of  the  bodies  displayed  line- 
type  indications  oriented  parallel  to  the  long  dimension  of 
the  body  as  shown  in  Figure  90.  One  valve  body  was 
sectioned  and  mounted  in  a manner  to  permit  polishing  of  the 
face  containing  the  discontinuities. 
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Random  grinding  and  polishing  disclosed  similar 
Indications,  as  shovm  In  Figures  9I  92.  These  dis- 
continuities are  heavy  slag  stringers,  fairly  prevalent 
In  alr-melted,  commercial  grade  stainless  steel.  They 
are  considered  gross  Indications  according  to  aerospace 
standards,  hut  present  no  problem  In  this  particular 
application.  A cross  section  of  two  of  the  larger  indic- 
ations Is  shown  In  Figure  93.  Note  the  depth  of  the  large 
surface  stringer,  which  measures  approximately  O.OO5 
Inches  deep.  This  far  exceeds  the  heavy  Inclusion  rating 
as  defined  by  the  ASTM  specification  e45.  The  cross 
section  of  the  large  Inclusion  located  totally  within 
the  body  Is  also  shown  In  Figure  93-  This  Inclusion 
appears  to  be  a complex  mixture  of  several  compounds, 
probably  including  oxides,  silic'ides  and  alumina. 
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C.  MECHANICAL  PROPERTIES  OP  TANK  SHELL 
MATERIALS  AND  WELDS 

1.  General 

Tensile  tests  were  performed  on  the  wall  material 
of  selected  tanks  from  this  program.  These  tests  were  per- 
formed for  a dual  purpose,  to  verify  the  material  heat  treat- 
ment condition  and  to  determine  whether  any  degradation  of 
strength  properties  had  occurred.  The  tanks  selected  for 
mechanical  property  testing  represented  all  of  the  different 
types  of  alloy  and  tank  configurations  Involved  in  this  post- 
test analysis  contract.  In  all  cases  the  mechanical  property 
determination  Included  both  the  parent  metal  and  at  least  one 
of  the  welds.  Where  the  configuration  allowed,  as  many  welds 
as  possible  were  evaluated.  The  parent  metal  was  evaluated 
In  the  cylindrical  section  of  all  tanks;  the  dome  section 
was  evaluated  when  the  configuration  allowed  a reasonable 
length  of  shell  material.  All  welds  were  tested  In  the  metal- 
lurgical condition  used  in  the  tank.  Thus,  almost  all  of  the 
welds  were  tested  with  weld  crown  and  drop-thru  intact.  Just 
as  they  appeared  In  the  tank.  In  the  prepackaged  feed 
systems,  the  welds  had  been  heat  treated  and  machined  flush, 
so  they  were  tested  In  that  condition. 

The  tensile  properties  obtained  from  the  various 
tanks  axe  tabulated  In  Tables  XIV  thru  XIX.  A discussion  of 
the  significance  of  the  test  results  follows,  from  the  stand- 
points of  both  original  tank  fabrication,  and  effect  of  long 
tera  exposure. 
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2. 


Small  Containers 


a.  2014-T6  Aluminnum  Alloy  3"x6"  Containers 

The  tensile  properties  of  the  parent  metal 
(Table  XIV)  from  this  type  of  container  are  typical  for  2014 
aluminum  alloy  sheet  in  the  -T6  temper.  The  tensile  proper- 
ties across  the  weld,  shown  in  the  same  Table  XIV,  indicate 
properties  higher  than  would  be  expected  for  as-welded 
Joints,  being  in  the  range  of  properties  for  post  weld  aged 
or  reheat- treated  material.  Although  these  tan)cs  showed 
visual  evidence  of  some  slight  pitting,  there  was  no  indic- 
ation of  degradation  of  strength  properties  due  to  corrosion. 

b.  Alcoa  One-Quart  Containers 

The  data  from  tensile  teste  of  six  tanks, 
representing  all  of  the  alloys  involved,  is  presented  in 
Table  XV.  The  properties  of  the  standard,  production  alloys, 
(all  but  X7007)  show  close  correspondence  to  the  typical 
hsuidbook  values  for  the  heat  treated,  -T6,  condition.  In 
some  Instances  the  yield  strength  values  were  somewhat  low, 
but  this  is  likely  to  be  the  result  of  the  difficulties 
caused  by  testing  of  curved  and  straightened  specimens. 

The  weld  Joint  specimens  of  the  same 
production  alloy  tanks,  indicated  that  some  of  the  tanks  had 
been  aged  after  welding  while  others  were  used  in  the  as- 
welded  condition.  The  2014  and  2219  aluminum  tanks  exhibited 
weld  strengths  that  indicate  post-weld  aging,  while  the  6o6l 
and  5456  tanks  have  as-welded  strengths.  In  none  of  these 
tanks  was  there  any  indication  of  corrosion  effects,  either 
external  or  Internal,  degrading  the  strength  properties. 
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The  experimental  alloy,  X7007  (identified 
as  M825  in  test  plans),  is  difficult  to  evaluate  because  of 
the  uncertainty  in  the  typical,  reference  properties  expected 
of  the  alloy.  The  reference  values  are  taken  from  the  Alcoa  . 
report  on  the  development  of  the  alloy.  There  appears  to  be  ^ 
a significant  reduction  in  properties  as  compared  to  the 
reported  typical  properties.  There  are  three  possibilities 
to  explain  this  reduction  in  strength.  (1)  The  reported 
typical  properties  are  not  representative  of  the  alloy  behavior 
in  this  set  of  tamks.  (2)  Surface  corrosion  effects  have 
degraded  the  strength  pro  »rtles.  (3)  Degradation  of  strength 
has  occurred  during  the  extremely  long  natural  aging  time 
(tanks  were  first  loaded  over  7 years  ago  in  1967). 

Of  these  possibilities,  overaging  during 
long  term  storage  is  the  least  likely.  There  was  some  pitting 
corrosion  of  the  external  surface  of  the  X7007  tank,  and  this 
is  covered  in  more  detail  in  Section  VI. B. 7-  One  of  these, 
tanks  was  examined  for  a confirmatory  analysis  of  the  external 
corrosion  observed  on  many  of  the  tanks  in  this  program.  That 
analysis  showed  corrosion  to  be  present.  However,  the  light 
pitting  and  surface  etching  observed  should  not  be  expected 
to  produce  an  l8^  loss  in  tensile  strength  compared  to  the 
reported  properties.  There  is  corrosion,  and  some  loss  in 
strength  could  certainly  be  expected,  but  not  the  degree  of 
loss  apparent  from  this  data. 

The  most  likely  explanation  for  the  apparent 
reduction  in  properties  is  that  the  reported  typical  properties 
are  quite  optimistic,  and  were  probably  not  achieved  in  the 
sheet  used  for  these  tanks.  This  alloy  was  being  developed 
for  maximum  sti.;ngth  while  maintaining  weldability,  and  it 
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may  be  that  the  experimental  trial  material  which  gave  the 
desired  properties,  did  not  produce  similar  properties  when 
containers  were  spun  or  stamped  from  sheet. 

c.  Arde  One-Pint  Cylinders 

Tensile  tests  were  performed  on  two  bottles 
from  this  group  of  cryo-formed  301  stainless  steel  containers, 
one  in  the  aged  condition,  the  other  unaged.  The  properties 
obtained  are  presented  in  Table  XVI.  As  has  already  been 
discussed,  the  cryogenic  stretching  of  this  material  Induces 
a martensitic  transformation  and  substantial  strength  increase, 
which  is  borne  out  by  the  properties  observed.  Aging  of  the 
tank  (20  hours  at  800°F)  produces  additional  strengthening, 
over  40  KSI  in  these  tests.  The  strengths  obtained  are  slightly 
lower  than  strengths  reported  by  Arde  basaa  on  burst  testing 
of  cylinders  and  spheres.  This  would  be  expected  however, 
because  of  biaxial  strengthening  effects.  There  was  no  Indic- 
ation of  degradation  of  the  strength  properties  from  propel- 
lant or  environment  exposure  over  the  extended  exposure  time. 

3.  Representative  Tankage 

a.  Stor'iblllty  Test  Articles 

Tensile  tests  were  performed  on  six  aluminum 
tbnks,  representing  each  of  the  raaterial/fabricator  combina- 
tions, and  on  the  corrosion  resistant  steel/nlckel  alloy  tanks, 
A-286  and  Inconel  718.  The  results  are  shewn  in  Table  XVII. 

As  with  the  other  tensile  evaluations,  typical  literature  values 
of  the  expected  base  metal  and  transverse  weld  Joint  strengths 
are  included  In  Table  XVII. 
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The  data  show  that  the  tanks  In  all 
Instances  possessed  normal  and  typical  properties  for  the 
materials  and  heat  treatments  Involved.  The  2014  tanks 
developed  Intermediate  weld  strengths,  higher  than  those 
expected  for  as-welded  Joints  but  not  high  enough  to 
represent  fully  reheat- treated  Joints.  The  properties  are 
In  the  range  for  welds  aged  after  welding  and  It  Is  likely 
this  represents  the  fabrication  process  used. 

The  tensile  teste  on  two  of  the  tanks 
Involved  areas  which  could  have  had  corrosion  effects. 

Aluminum  2014  Tank  No.  3 (S/N  6)  shown  In  Figure  37,  had 
considerable  corrosion  on  the  external  surface,  from  drip- 
ping or  spraying  of  propellant  from  a neighboring  tank  or 
line.  Tensile  tests  were  taken  across  the  girth  weld  In 
this  corroded  area  and  also  In  uncorroded  areas.  A signi- 
ficant loss  In  yield  strengths  and  lesser  loss  In  ultimate 
tensile  strengths  were  noted  In  the  corroded  areas.  These 
test  results  are  based  on  the  actual  thickness  of  specimens, 
which  Iri  the  corroded  areas  was  somewhat  reduced  (6-7*  below 
uncorroded  areas).  The  lower  yield  strengths  In  these  areas 
reflect  the  Irregular  surface  produced  by  this  corrosion. 

This  corroded  region  Is  discussed  In  detail  Ir.  Section  VI. B. 7. 

The  other  tSLnk  In  which  corrosion  effects 
were  observed  which  might  have  affected  tensile  properties 
was  2014  aluminum  alloy  Tank  No.  7,  shown  in  Figure  4o.  The 
surface  attack  or  etching  was  more  pronounced  along  the  heat 
affected  zones.  However,  there  was  no  thickness  loss,  only 
a rather  general  pitting.  Tensile  properties  showed  no 
observable  degradation  due  to  this  pitting.  The  mechanical 
properties  are  within  the  rauige  found  for  other  2014  aluminum 
tanks.  Tills  tank  is  also  considered  in  more  detail  in 
Section  VI. B. 7. 
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b.  Solid  State  Bonded  Tank 

One  of  the  tanks  Included  In  this  eva- 
luation was  an  experimental  solid  state  bonded  Alclad  2024 
aluminum  tank  from  the  Martin  Compainy.  Various  aspects  of 
the  corrosion  effects  In  this  tank  have  already  been 
discussed  In  Sections  V1.B.5>  and  7.  Since  the  evaluation 
of  this  tank  provider'  an  opportunity  to  examine  the  solid 
state  bond  after  extended  exposure,  both  tensile  and  metal- 
lographlc  specimens  were  prepared  from  thi''  Joint,  even 
though  no  evidence  of  gross  corrosion  damage  was  apparent. 

The  experimental  solid  state  bond  in 
this  tank  was  formed  as  a lap  Joint  between  two  ellipsoidal 
halves.  The  Joint  Is  shown  In  cross  section  in  Figure  94, 
and  a very  satisfactory  metallurgical  bond  was  obtained  in 
E ! the  parallel  lap  portion  of  the  Joint,  views  (b)  and  (c)  of 

Figure  9^.  The  bond  region  shows  good  diffusion  acrcis 
the  Joint  line  In  the  central  portion  of  the  Joint. 

The  bonded  portion  of  the  Joint  line 
j shows  some  rippling,  indicative  of  an  explosively  formed 

Joint.  The  bonding  actio?  had  broken  any  oxide  film  layer 
E on  the  faying  surfaces  and  allowed  intimate  contact  and 

formation  of  a good  metallurgical  bond.  The  bonding  action 
had  also  caused  significant  deformation  of  the  components 
at  the  Jclnt  region.  This  is  shown  in  view  (a)  of  Figure  94. 

? The  extent  to  which  the  underlying  component  had  been 

Impressed  into  the  overlying  component  of  the  lap  Joint  Is 
quite  obvious.  The  external  surface  of  the  overlying 
component  at  the  edge  of  the  underlying  component  showed  a 
decided  ribbed  effect.  In  some  portions  of  the  circumference 
of  the  tank  the  surface  was  sufficiently  corroded  at  this 
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point  to  produce  a definite  groove  in  the  surface.  One 
of  these  regions  is  shown  in  Figure  9^.  Other  portions 
of  the  tank  show  a smoother  transition  up  onto  the  lap 
Joint.  The  difference  in  detail  configuration  of  this 
portion  of  the  Joint  caused  slight  variation  in  Joint  per- 
formance in  a transverse  tensile  test.  The  data  obtained, 
both  from  6 tests  of  the  Joint  and  4 tests  of  the  parent 
metal,  are  presented  in  Table  XVIII.  Pased  on  nominal 
shell  thickness,  all  Joint  tensile  tests  fractured  at 
strength  levels  3-11  KSI  below  the  paient  metal.  However 
since  all  fractures  occurred  in  the  overlying  shell  portion 
at  the  reduced  thickness  point  already  described,  this  does 
not  represent  a weakness  in  the  bond  Itself,  but  rather  a 
deficiency  In  the  Joint  configuration.  When  the  properties 
were  calculated  on  a basis  of  the  minimum  cross  section 
area,  the  properties  were  essentially  equivalent  to  the 
parent  metal. 


As  la  discussed  In  Section  VI. B. 5 on 
corrosion  effects,  this  tank  Is  In  the  annealed  condition, 
and  the  properties  obtained  bear  this  out,  with  yield 
strengths  of  l'  KSI  and  ultimate  strengths  of  25  KSI. 

This  level  of  strength  Is  not  practical  for  any  tank  hold- 
ing pressurized  fluids.  The  tank  did  provide  a good  eva- 
luation of  the  solid  state  bond  performance  under  corroding 
conditions,  however.  Illustrating  that  there  was  no  localized 
adverse  corrosion  of  the  bond  even  when  the  tank  shell  Itself 
was  being  subjected  to  significant  corrosion. 

4.  Storable  Prepackaged  Feed  Systems 

Tensile  properties  were  Jetermlned  on  the  alumi- 
num 2219  cylindrical  shell  and  across  the  longltvUnal  weld 
in  the  cylinder  portion  of  the  propellant  storage  tanks  from 
several  of  these  systems.  All  tiuiks  for  these  systems  were 
reported  to  be  processed  Identically.  The  systese  selected 
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for  evaluation  represented  two  different  observed  character- 
istics, one  being  the  difference  In  external  surface  appear- 
ance of  the  NgOjj  tanks  (frosted  or  etched  from  slight  environ- 
mental corrosion)  versus  fuel  tanks  (bright  and  unattacked);  ■ 

the  other  being  the  difference  produced  by  pressuring  the 
tank  with  three  different  pressurizing  sources;  stored  gas 
bottle  (cold  gas),  stored  liquid  (hot  decomposed  hydrazine) 
products,  and  solid  propdlant  gas  generator  (products  of 
combustion  of  solid  charge).  | 

I 

The  tensile  results  are  presente  ’ In  Table 
XIX.  No  difference  in  properties,  either  of  the  2219-T62 
shell  material  or  across  the  electron  beam  welded  (and  fully  j 

reheat  treated)  Joint  was  found  between  shells  whose  exterior  ’ 

was  unattacked  or  lightly  etched.  The  slightly  etched  sur-  I 

face  effect  was  obviously  Insignificant  for  the  tank  shell, 
with  Itii  wall  thickness  cf  0.375”-  This  surface  appearance  | 

had  been  discussed  In  detail  in  Section  VI-A  on  Internal  and 
External  Surface  Obscvatlons . 

The  set  of  three  tanks,  all  containing 
MHF-5  fuel  and  the  Surface  Force  Orientation  (screen)  expul- 
sion device,  and  pressurized  with  the  three  differenc  gas 
sources,  did  show  a slight  but  interesting  mechanical  prop- 
erty effect.  In  all  three  of  these  teuiks  there  was  no  dia- 
phragm or  RTV  rubber  liner  to  shield  the  tank  wall,  so  that 
during  expulsion  the  pressurizing  gas  could  act  directly  on 
the  shell  wall,  once  the  bulk  of  the  liquid  had  been  expelled. 

The  tensile  properties  of  the  shell  show  a slight  but  consist- 
ent and  significant  loss  In  strength,  with  an  Increasingly 
set^ere  pressurizing  source.  The  cold  gas  pressurized  tank 
(-18)  developed  properties  which  very  closely  duplicate  the 
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expected  2219-T62  properties  (4l  KSI  yield  and  60  KSI 
ultimate  strengths),  based  on  an  average  of  three  tests. 

The  tank  exposed  to  decomposed  hydrazine  (-23)  showed  a 
slight  (1  KSI)  drop  In  the  average  yield  and  ultimate 
strengths,  while  the  tank  exposed  to  the  products  of 
combustion  of  the  solid  propellant  (-17)  displayed  a 
greater  drop  (4  KSI).  All  of  these  changes  are  within 
lOii  of  the  reference  strengths  (cold  gas  fired  tank)  and 
hence  are  not  large.  The  changes  reported  are  averages 
of  three  teats,  where  the  Individual  data  In  all  cases 
are  very  closely  grouped  tround  the  average.  Based  on 
this  evaluation  of  the  test  data,  the  changes  are 
considered  significant.  According  to  the  Convalr  report 
on  these  systems  (Refere.ice  6)  the  hydrazine  decomposltior 
gas  generator  produces  a gas  temperature  of  1150°F  In  the 
line  before  the  propellant  tank,  while  the  solid  propel- 
lant produces  a gar  temperature  of  l600°F  at  the  propel- 
lant tank  Inlet.  Although  these  temperatures  are  sub- 
stantially reduced  by  expansion  Into  the  propellant  tank 
and  contact  with  the  cool  tank  walls  and  propellant,  they 
do  Indicate  some  strength  degradation  can  be  expected 
during  expulsion  with  hot  gases.  This  effect  should  be 
considered  In  designing  these  types  of  expulsion  systems, 
particularly  units  of  larger  size  or  slower  expulsion  rate, 
where  the  time  for  shell  wall  softening  may  be  considerably 
extended  and  therefore  could  be  more  significant  than  the 
maximum  loss  of  105<  In  yield  ctrength  encountered  In  these 
tanks. 
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SECTION  VII 

SUMMAKY,  CONCLUSIONS  AND  RECOMMENDATIONS 
A.  GENERAL  SUMMARY  OF  CORROSION  EFFECTS 

The  cleanest  Interior  surfaces  were  displayed  by  the 
5456  aluminum  alloy  containers,  which  retained  a bright, 
shiny  luster  even  after  twelve  months  had  elapsed  from  the 
time  Alcoa  one-quart  containers  of  this  material  were 
sectioned  for  examination.  Those  tanks  fabricated  of  the 
6061  aluminum  alloy  were  also  very  clean,  rivaling  the 
5456  containers  in  brightness  and  lack  of  any  visible, 
corrosion  effects.  The  7007  alloy  (M-325)  remained  rela- 
tively clean  and  free  of  corrosion,  but  had  been  dulled 
and  spotted,  indicating  less  corrosion  resistance  than 
noted  for  the  5456  and  6061  alloys.  The  2000  series  alumi- 
num alloys  displayed  the  poorest  resistance  to  corrosion 
of  any  tank  alloy  material  examined  during  this  program. 

The  Internal  corrosion  observeu  on  various  containers  was 
generally  a post-storage  test  phenomenon  not  related  to 
propellant  exposure.  Residues  left  in  tanks  which  were 
Incompletely  drained,  flushed  or  dried  would  become  highly 
acidic  and  corrosive  towards  the  aluminum  surface,  initiat- 
ing the  pitting  type  corrosion  observed.  In  effect,  observa- 
tions made  of  the  Internal  surfaces  reflect  the  relative 
corrosion  resistance  of  these  aluminum  alloys  when  exposed 
to  a dilute  acid  environment.  Their  relative  order  of 
corrosion  resistance  coincides  with  that  documented  in  the 
literature. 

The  external  surfaces  were  corroded  to  a far  greater 
degree  than  the  interior  surfaces,  indicating  the  relative 
severity  of  the  surrounding  atmospheric  environment.  This 
atmosphere  was  a highly  acidic  onn,  produced  by  the  hydro- 
lysis of  leaking  propellant  vapors,  and  was  active  through- 


out  the  length  of  the  storage  period.  Deposition  and 
condensation  of  these  acid  vapors  on  the  aluminum  surfaces 
result  in  penetration  of  the  passive,  natural  oxide  layer 
and  subsequent  pitting  attack.  The  painted  tanks  dis- 
played a far  greater  reslstsmce  to  surface  attack  except 
in  those  areas  where  extremely  concentrated  vapor  deposi- 
tion occurred,  resulting  in  destruction  of  the  paint  film 
and  accelerated  attack  of  the  exposed  metal  surface. 

With  respect  to  corrosion  and  failure  in  aluminum 
containers,  the  most  vulnerable  area  proved  to  be  the  mani- 
fold tube  welds , These  welds,  made  by  the  manual  heliarc 
welding  process,  using  4o43  filler  alloy,  were  quite  heavy 
and  irregular.  Evidence  of  porosity  and  microcracks 
developed  in  the  heavier  start  and  stop  areas  produced  a 
condition  where  the  probability  of  weld  penetration  by 
external  pitting  corrosion  was  greatly  Increased.  The 
possibility  of  vapor  leakage  through  this  network,  by  a 
crevice  or  stress-induced  corrosion  action  could  also  be 
considered  as  a possible  source  of  propellant  vapors 
entering  the  external  hydrolysis  reactions.  Corrosion 
susceptibility  of  the  4o43  weld  alloy  is  far  greater  than 
that  of  the  wrought  aluminum  alloys  used  to  fabricate  these 
pressure  vessels,  so  the  observed  behavior  should  not  be 
unexpected . 

Arde  cryoformed  301  stainless  steel  displayed  excellent 
corrosion  resistance  and  compatibility  performance  over  a 
five-year  period  in  all  three  environments:  CIF^,  and 

the  humid,  sometimes  acid  vapor  laden,  storage  room  environ- 
ment. This  material  would  certainly  seem  to  be  an  excellent 
choice  for  long-term  storage  of  these  propellants. 
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Only  two  other  tank  shell  alloys  were  tested  and 
examined  during  this  program.  These  were  the  iron-base, 
austenitic  alloy  A-286  and  Inconel  7l8,  a nickel-base 
alloy.  Both  materials  were  unaffected  by  the  CIP^ 
propellant  environment  to  which  they  were  exposed.  The 
A-286  storage  tank  did  sustain  some  pitting  attack  on 
the  external  surface,  adjacent  to  a hemisphere  closure 
weld.  This  anomaly  is  discussed  in  detail  in  Section 
VI. B.  The  Inconel  7l8  alloy  tank  was  removed  from  stor- 
age after  only  two  days  because  of  a flange  seal  leak. 
Consequently,  no  assessment  of  long-term  compatibility 

with  C1F_  could  be  made, 
b 

The  storable  prepackaged  feed  systems  were  evaluated 
primarily  in  the  propellant  storage  tanks  only.  Although 
there  were  some  problems  and  deficiencies  in  these  tanks 
from  a standpoint  of  positive  expulsion  behavior,  most  of 
these  are  related  to  auxiliary  components  and  their 
behavior  in  the  system.  Prom  a standpoint  of  long-term 
propellant  storability  and  compatibility,  these  propellant 
storage  tanks  performed  excellently  with  no  evidence  of 
corrosion  degradation  or  other  anomalies. 

The  gas  pressurization  sources  used  to  expel  them  did 
have  significant  effects  on  the  positive  expulsion  tanks. 
The  solid  propellant  gas  generator  with  its  hot,  dirty 
and  rather  violent  gas  stream,  caused  ripping  and  clogging 
of  the  surface  force  orientation  screen,  and  a slight  but 
significant  3-10^  loss  in  strength  properties  of  the  2219 
aluminum  tank  shell.  The  liquid  propellant  gas  generator 
(decomposed  hydrazine)  produced  similar  effects  but  of  a 
lesser  magnitude. 
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The  rolling  diaphragm  performed  reasonably  well, 
but  with  some  of  the  same  problems  noted  during  design 
and  acceptance  testing  l.e.,  premature  collapse  causing 
only  partial  expulsion,  usually  followed  by  rupturing 
of  the  diaphragm  or  cocking  of  the  piston  on  the  central 
shaft. 
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B.  CONCLUSIONS 

The  overall  interpretation  of  the  detailed  anlyses 
performed  during  this  program  can  be  summarized  briefly 
in  the  following  conclusions: 

1.  Little  evidence  of  basic  incompatibility 
between  auiy  of  the  materials  used  to  fabricate  the  storage 
vessels  and  the  stored  propellants,  CIP^  or  NgO^^,  was 
found. 

2.  The  major  corrosive  effects  observed  were  con- 
fined to  the  external  surfaces  of  the  tank  shells  l.e., 
manifold  tubing;  tubing  welds,  which  appeared  to  be 
particularly  susceptible  to  attack;  and  some  tank  shell 
weldments. 

3.  The  appearance  of  the  corroded  surfaces  and  the 
corrosion  products  formed  were  very  similar  in  all  cases 
examined. 

4.  The  composition  of  the  corrosion  products  formed 
indicate  that  dilute  acids  deposited  on  the  surface, 
generally  HF  or  HNO^,  were  the  corrosive  agent  most 
responsible  for  the  corrosion  observed. 

5.  These  dilute  acids  were  the  product  of  a reaction 
occurring  between  propellant  vapors  and  moisture  in  the 
high  humidity  storage  building  atmosphere. 

6.  The  source  of  the  propellant  vapors  are  not  pre- 
cisely known.  However,  the  following  areas  can  be  considered 
suspect: 


105 


6.  a.  Leaking  valves  or  fittings. 

t).  Leakage  through  mlcrocrack/poroslty 

networks  In  tubing  welds. 

c.  Hot  cracks  In  difficult  to  weld  alloys. 

7.  Annealing  of  2000  series  aluminum  tank  shell 
material  left  grain  boundary  films  of  copper  alumlnlde, 
which  were  quite  susceptible  to  attack  under  the  conditions 
described  above.  This  same  annealing  results  In  diffusion 
of  copper  Into  a normally  protective  pure  aluminum  cladding, 
causing  pitting  and  general  surface  corrosion  to  proceed 
more  readily. 

8.  Recognizing  that  the  specific  difficulties 
described  above  are  confined  to  auxiliary  tubing  or  unique 
features  of  some  tanks,  basic  compatibility  has  been 
verified  for  the  tank  shell  materials  examined  In  this 
program  and  the  stored  propellants  CIF^  and  N^Oj^,  for 
long-term  storage  periods  up  to  six  years. 
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REC(»®EOT)ATIONS 


Based  on  the  foregoing  summary  of  observations  and 
conclusions,  the  following  recommendations  are  presented 
for  future  programs,  both  long-term  propellant  storage 
programs  and  Air  Force  production  systems  utilizing  these 
types  of  tanks. 

1.  Automate  the  welding  of  manifold  tubes  in  order 
to  reduce  weld  bead  size  and  to  improve  weld  bead  geometry 
and  uniformity. 

2.  If  storage  temperatures  are  sufficiently  low, 
consider  using  a 5000  aeries  weld  alloy  for  the  tube 
Joints.  Preliminary  corrosion  tests  are  advised. 

3.  Thoroughly  Inspect  all  welds  in  the  storage 
system  to  verify  quality.  Pressurize  system  with  helium 
gas  and  use  leak  detector  equipment  to  establish  pressure 
tightness  of  system  prior  to  propellant  loading  and  storage. 

4.  Isolate  each  storage  system  to  prevent  externally 
Induced  corrosion  effects  produced  by  hydrolysis  of 
leaking  propellant  vapors. 

5.  Monitor  the  storage  building  environment  to 
detect  presence  of  leaking  propellant  vapors;  or  Install 
liquid  level  gages  on  each  storage  tank  to  detect  propel- 
lant liquid  loss. 
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6.  Thorough  draining  and  flushing  operations  should 
be  performed  on  propellant  tanks  after  long-term  storage 
if  they  are  to  be  reused.  Complete  drying  and  sealing 

of  the  vessel  in  a dry,  relatively  air-tight  container 
should  preclude  post-storage  corrosion  effects. 

7.  Caution  should  be  exercised  in  utilizing  solid 
propellant  gas  generators  as  pressurizing  devices  for 
storage  tanka  with  fragile  positive  expulsion  devices, 
such  as  screens;  or  where  the  shell  wall  design  would  be 
degraded  by  some  loss  in  strength.  To  a lesser  extent, 

the  same  caution  aplles  to  liquid  propellant  gas  generators. 

8.  Tank  fabrication  steps  should  be  controlled  when 
dealing  with  2000  aeries  aluminum  alloys,  to  Insure  that 
continuous  films  of  copper  alumlnde  are  not  allowed  to 
form  along  grain  boundaries. 
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TABLE  I 


SUMMARY  OP  FIRST  GROUP  OF  TAMKS  EVALUATED 


ITEM 

NUMBER 

1 

DESCRIPTION 

TOTAL 

SUPPLIED 

1 

Alcoa  one-quart  Aluminum 
Containers 
6 with  NgO^j 

21  with  C1F_ 

5 

27 

2 

Arde  301  SS 
One-pint  Cylinders 
8 with  NgOjj 

7 with  CIF^ 

0 

15 

2k 

2014-T6  Aluminum  Alloy 
3"  X 6"  Containers  used 
for  NjOj^  Storage 

4 

3 

201U-T6  and  6o6l  Aluminum 
15-gallon  Tanks 

1 - CIF^ 

2 - N^O^ 

3 

5 

2021-T6  Aluminum  10-gsllon 
Storablllty  Test  Articles  - C1K_ 

5 

5 

6 

Prepackaged  Liquid  Propellant. 
Feed  Systems 
10  - MHF-5 

3 - N^O^ 

13 

7 

Storabllitv  Test  Article 

Inconel  7lB 

CIF^ 

5 

1 
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TABLE  II 


SUMMARY  OF  SECOMD  GROUP  OF  TANKS  EVALUATED 


DESCRIPTION 

ITEM 

HO. 

Pff 

TANK 

MATERIAL 

PROPELLANT 
STORED  j 

MANUFACTURER 

COTE 

NUMBERS 

i 

8 

15-gallon 

2014 

A1 

ClFc 

0 

Martln-Denver 

1 

0 

9 

15-gallon 

2014 

A1 

C1F(- 

Martln-Denver 

2 

0 

10 

15-gallon 

2014 

A1 

CIP^ 

Martln-Denver 

3 

11 

15-gallon 

7039 

A1 

ClPc 

Martln-Denver 

4 

» 

12 

10-gallon 

7039 

A1 

CIP^ 

Martln-Denver 

5 

0 

13 

2024 

A1 

'^2<^4 

Martln-Denver 
(Diffusion 
bonded ) 

6 

0 

14 

15-gallon 

2014 

A1 

**2°4 

Martln-Denver 

7 

0 

15 

15-gallon 

7039 

A1 

«2°4 

Martln-Denver 

8 

0 

16 

15-gallon 

606l 

A1 

N?°4 

General 

Dynamlcs- 

Convalr 

9 

0 

17 

15-gallon 

: ?0l4 

A1 

General 

Dynamlcs- 

Convalr 

10 

0 

18 

i 15-gallon 

2014 

i 

A1 

CIF^ 

General 

Dynamlcs- 

Convalr 

11 

0 

19 

10-gallon 

1 A-286 
st.s; 

eel 

ClPj. 

V 

Martln-Denver 

12 

• 

NOTES;  (1)  One  tank  per  Ite^i 

(?)  ‘Under  code  numbers  denotes  Items  selected 
for  detailed  analysis. 

0 denotes  items  for  possible  confirmatory 
analysis . 


Ul< 


I ^ I . 

jn  ^ 

I fib 

iH  On 
Ob  o -b>  «) 


PC 

PCs  n p 

H 1 

p 

ft)  VO 

iE  a> 

ft)  (4  iH 

ss 

c ft)  e 

rH  (d  P b 

se 

O ftH  o 

CO  <8  ftH 

rb  *> 
I >H  b 
p:  .o  Id 

P jTs  «J 

I b«  b <u 
fcj  On 
Pb  o 4^  ft) 

X~  o 


iH  t)C  to*^ 
*H  C C rH 
O -H  O ft) 
O',  n <H  3t 


O ft)  1>I 

rs  G £ 

p.r-l  tl  o 

k ft)  o oi 

W > V.  Sfe! 


O ft) 

M4J  h 

C ft)  <H 
ft)  KCn* 

4)  U <-b  S 

c u m<n  (« 

f*  3 S-OJ  ft) 

£ O <H 

o < n <-4  • 

O o iTi  S «4 


ft)  ft) 

o t > at 

O «l  o 

4i>  4)  C «-t  **  <H 

bO«b  <Q  I cd 

ft)  C 3 ft)  ft)  3 

JO  «J  4^  C ^ jO  C 

3 rM  w a 3 3 3 

tb  V.  B H *»  e 


C n 
O ft)  £ ft) 

M t.  ft)  (U  Wi 

H ^ ft) 

3 C)  a ^ 

ft)  w)  *J  3 pH 

C M <H 

•H  0.  C y 6u 

£ CO  O o ft) 

o I bOX)  CO  fc. 

(d  6 ^ rH  W 

SQ<riJ  h-  J 


ft)  -P  4^  *o 

^ <d  P pH 

3 iH  tH  ft) 

E-  D.^  :» 


r-< 

fcC 

P c ft)  p 

pb 

ft) 

ft)  P Cl 
rb  P C 

D ft) 

; r-H  ft) 

ft) 

ft* 

(DP 

pH  P C 

0)  m 

s 

o 

P P ft 

) P X3 

u 

G 

CO 

O ft- 

4 3 3 

4 O p 

A 

O 

Q 

3 .p  C p^ 

O ft-.  3 ft-i 

33 

>)  I p 
u 3 

n o 

C T)  TJ 

o c •>  c 

iH  ft)  *0  ft) 

M c 
cd  T3  ft)  (h 
CO  ft)  ft) 

» e ft)  £ 

O O C p 

»H  *a  o o 


W O 

C T3  T3 

o c c 

pH  ft;  -O  ft) 

P^  c 

ftj  -a  ft) 
tio  ft)  ft) 
) G ft)  JL* 
O O C p 
r-f  t)  O O 


112< 


'-St  Available  Co 


Tube  to  tube- 
Astro  Arc  weld 


SNIFICAHT  FABRICATION  CHARACTgRISTIOS  OF  TAHKS  EVALUATgP 
continued 
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Figure  c7.  Pitting  Observe;!  on  Internal  Surface  of  2014-T6 
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Figure  82.  Area  of  .Torrosion  AtlacK  on  AXl'*rnal  .Surface  Of 

10-gallon  A-?86  Stainless  steel  Tank  No.  32  (S/lli 
Loaded  with  ClPj.  for  over  '-ne  Year 
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